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Abstract

The objectives of this study were to assess the health of the Acacia xanthophloea
woodlands that surround Lake Naivasha, Kenya, and examine how woodland health is
correlated with adjacent land use. Field surveys were conducted in 26 woodlands around
Lake Naivasha in 2010. Analysis of the size distribution of acacia trees showed that
woodlands grow in even-aged stands. Recruits were abundant in areas of low canopy
cover and high wildlife impacts, and absent in sites with high soil electrical conductivity.
Heavy browsing stunted the growth of small trees and was positively correlated with
acacia thorn length. Small and mid-sized trees were subject to bark stripping by giraffes.
Ant diversity and ground cover related positively with human disturbance. Land use
change, heavy browsing by wild animals, high soil conductivity and invasion by non
native species were negatively correlated with the health of acacia woodlands and may
threaten their long-term survival.

Key words: Acacia xanthophloea, Lake Naivasha, woodland health, size distribution,
browsing, thorn length, human disturbance
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Introduction

Lake Naivasha (0° 45' S, 36° 20' E) is the largest freshwater lake in Kenya’s Rift
Valley. The Lake Naivasha basin is one of the most fertile regions in Kenya. It has
constant climate, consistent day-length and ‘abundant’ fresh water (Everard et al. 2002).
By the 1990s, agriculture around the lake had changed from predominantly ranching and
sisal cultivation to irrigated floriculture and horticulture (Becht and Harper 2002). In
recent years, the human population in the municipality of Naivasha has grown from under
15,000 in 1999 to over 350,000 in the 2009 census (tabulation not complete; Kenya
Bureau of Statistics 2011). Anthropogenic disturbance at Naivasha, such as increased
introductions of non-native species, has led to significant changes in the ecology of the
ecosystem (Mavuti and Harper 2005).
The need to support the expanding population has led to a conflict in priorities
between floricultural development and ecotourism as sources of foreign revenue
(Henderson and Harper 1992). In 1995, as a result of lobbying by the Lake Naivasha
Riparian Association (LNRA), Lake Naivasha was designated under the Ramsar
Convention as a Wetland of International Importance, the second in Kenya (Becht and
Harper 2002).
The fringe of woodlands that occupy much of the riparian area around the lake is
composed of a virtually monotypic stand of Acacia xanthophloea Benth. (Thompson
1989). There is a range in canopy cover of stands of acacias at Naivasha including what
can technically be described as savannahs (10-30 %), woodlands (30-60 %) and forests
(60-100 %), but for this thesis all types are referred to as woodlands. The acacia
woodlands are an essential part of the lake ecosystem, and provide habitat for wildlife and
domestic animals, as well as having iconic tourist value.
Despite the protection of the riparian area of Lake Naivasha, development of the
shoreline has resulted in an overall loss of woodland cover (Sommerlatte 2006). Until
recently, the decline of acacia woodlands at Naivasha has not been a research focus;
however, woodland loss has been studied indirectly over the past decades through
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research on sensitive bird species. Lake Naivasha is home to the densest population of
African Fish Eagle (Haliaeetus vocifer) on the continent (Harper et al. 2002). The nests of
these top predators are well protected by the height and ‘ferocious’ thorns of acacia trees
(Brown and Hopcraft 1973). Since the 1980s, intensive horticultural development has
sped up the clearing of trees (predominantly Acacia xanthophloed) along the water’s edge
(Harper et al. 2002). Declining numbers of fish eagle in the 1990s were attributed to a
reduction in shoreline length because of a decline in lake level, and to the loss of acaciafringed shoreline (Harper and Zalewski 2001).
Though the woodlands have been reduced in size over time (Sommerlatte 2006),
the LNRA has made strenuous efforts to conserve the riparian area of the lake. The
riparian zone, defined by British colonial law to be the land below the 1892.8 m lake level
contour, can be cultivated, but cannot have permanent structures (Mavuti and Harper
2005). Private land holders who own the land adjacent to the riparian area often consider
it theirs to protect.
Historical records show that the water levels in Lake Naivasha fluctuate widely
(Verschuren et al. 2000). Lake levels can reach very high points, flooding the wide
riparian zone, or can be drastically low. According to local history, just prior to the arrival
of the first Europeans in 1883 the lake had dried up almost entirely (Verschuren et al.
2000). Starting in January, 2010, heavy rainfall in the Lake Naivasha region marked the
end of two and a half years of drought, and lake levels rose almost two meters (1.86 m)
over six months (Harper 2010, unpublished data).
In light of the rapid increase in human pressure at Lake Naivasha in the last thirty
years, my thesis describes features and condition of the Acacia xanthophloea woodlands
and provides baseline information for assessing the status of woodland health. There is no
universal definition of ecological health. Lackey (2001) described ecological health as ‘a
preferred state of ecosystems modified by human activity’. This is in contrast with
ecological integrity, which often refers to systems in pristine condition, with little or no
influence from human action (Karr 1996). Ecological indicators of woodland health have
included soil fertility, the size distribution of trees, regeneration and amount of tree cover
(McIntyre et al. 2002; Hitimana et al. 2004), insect species diversity and floristic
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composition (Bouyer et al. 2007). Aspects of each of these indicators were examined in
this study.
“There is probably no group o f trees and shrubs in Africa that can rival the
Acacia spp. in the combined importance o f their ecology and extent o f their geographical
range” (Ross 1979). Historically, the genus Acacia Mill. (Family Fabaceae (formerly
Leguminosae); Subfamily Mimosoideae) has included taxa native to Australia, Africa,
Asia and the Americas (Midgley and Bond 2001). A reclassification of the genus into five
geographically distinct genera was proposed by Orchard and Maslin (2003) and adopted
at the International Botanical Congress in 2005 (McNeill et al. 2005). African Acacias are
now considered in the genus Vachellia Wight & Am.. The old name of Acacia and the
common name acacia were used for this thesis since the use of Acacia xanthophloea
(Benth.) rather than Vachellia xanthophloea (Benth.) P.J.H. Hurter has remained
commonplace in the literature since 2005.
There have been large-scale losses of acacia woodlands throughout southern and
eastern Africa over the last 40 years, possibly leading to an overall loss in biodiversity
(Western and Maitumo 2004). Acacias have been described as keystone species that
create nutrient-enriched patches crucial for maintaining high species diversity
(Munzbergona and Ward 2002). Several hypotheses have been put forward identifying
the most severe threats to acacia populations in East Africa, including overbrowsing by
livestock and wild animals, change in climate (in particular rainfall patterns), salinity
stress, proliferation of pathogens and/or insect pests and cyclical succession (Young and
Lindsay 1988; Mills 2006). One study has cited elephant overbrowsing as the primary
cause of acacia woodland demise (Western and Maitumo 2004).
Acacia xanthophloea (Yellow Fever Tree) is a fast growing species of Acacia that
grows up to 25 m (Mutangah 1994) and is shade intolerant (Smith and Shackleton 1988;
Otieno et al. 2001). Acacia xanthophloea thrives in moist soils along the fringes of water
bodies, relying on a high water table for replenishment. It often grows in soils with poor
drainage (Otieno et al. 2001). Known for its yellow-green bark, Acacia xanthophloea are
leguminous trees that fix nitrogen and have been considered a candidate species for soil
remediation and agroforestry (Nsolomo et al. 1993). The common name (Yellow Fever
Tree) derives from the colour of its bark, and its association with malarial areas.
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The leaves, shoots, and pods of acacias may be browsed by large and small, wild
and domestic animals, though palatability differs among species (Bond and Loffell 2001;
Botha et al. 2002). The leaves of Acacia xanthophloea are highly palatable to animals,
since they have low fibre, high crude protein and the organic matter is highly digestible
(Safari et al. 2011). Vervet monkeys (Cercopithecus aethiops) also eat gum exudates
from Acacia xanthophloea trunks and branches (Wrangham and Waterman 1981).
Acacia xanthophloea has long, white thorns that grow from the twigs and branches and
more sparsely on the trunks. Immature thorns are soft, but harden with maturity (Young et
al. 2003). Some acacias elongate developing thorns in response to herbivory (Foster and
Dagg 1972; Milewski et al. 1991; Young et al. 2003). Branches at different heights
within one tree can vary in spine length based on intensity of browsing pressure (Young
and Okello 1998).
Drought is one of the factors that could limit seed germination and seedling
growth in this species (Otieno et al. 2001, Botha et al. 2002). Otieno et al. (2005) found
that, due to its extensive shallow root system, Acacia xanthophloea can exhibit rapid
physiological changes in response to rainfall. At the time of my study in August and
September 2010, the acacia trees at Naivasha had likely recovered from drought stress
since the region had received consistent rainfall for the first half of the year.
High soil salinity could be contributing to acacia diebacks, though the thresholds
of salinity tolerance in acacias have yet to be tested experimentally (Mills 2006). Some
studies have concluded that salinity does affect acacias, but is not the primary cause of
tree mortality (Western and Maitumo 2004). Saline soils potentially inhibit regeneration,
and increase acacias’ vulnerability to fungal infection (Mills 2006).
Like other members of the genus, Acacia xanthophloea may have cyclical
regeneration (Lamprey et al. 1967; Midgley and Bond 2001). Several authors working on
trees species in arid or semi-arid parts of Africa have observed that dominant canopy
species often do not produce juveniles in the immediate area, but regeneration occurs in
patches, most often under open canopy (areas with little or no shade from overhanging
branches). These observations lead to the idea of cyclical succession, or the mosaic theory
of regeneration (Swaine and Hall 1988; Grice et al. 1994; Newbery and Gartlan 1996;
Condit et al. 1998), which is supported by the observation that many members of the
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genus Acacia grow in even-aged stands and senesce in cohorts (Young and Lindsay 1988;
Mutangah and Agnew 1996; Wiegand etal. 2000).
Stands of even-aged populations go through three major stages in their life cycle.
First there is a pulse of recruitment, where many seedlings emerge and grow densely
(Wright et al. 2003). In mid-aged and mature woodlands the density of recruitment is low
amongst the tall trees and regeneration is periodic rather than continuous (Prins and van
der Jeugd 1993; Botha et al. 2002). Competitive thinning occurs as the forest matures
and, finally, the trees senesce in a cohort (Wright et al. 2003).
The explanation most often cited for cyclical regeneration is that recruitment
occurs in episodes that correspond with high moisture availability (Young and Lindsay
1988; Grice et al. 1994; Wiegand et al. 2000). Alternatively, Prins and van der Jeugd
(1993) proposed that seedlings rarely established under high browsing pressures by
ungulates. When regeneration did occur, it was in response to narrow windows of
opportunity during epidemics among ungulate populations. Differential growth within
size classes as a result of lack of moisture or infestation by pests may also contribute to
the atypical size distributions seen in many Acacia species (Prins and van der Jeugd 1993;
Wiegand et al. 2000).
In general, forests with many small, immature trees in relation to large trees are
believed to be self-replicating, or regenerating. The size class distribution appears as a
reverse-J shape (negative exponential function) (Niklas et al. 2003; Feeley et al. 2007),
and is observed in many mixed-species stands of uneven-aged trees (Hitimana et al. 2004;
Kiruki and Njung’e 2006). Populations with few small trees are said to be declining in
abundance (Feeley et al. 2007).

There are many factors that could uncouple the

relationship between seedling abundance and future size distribution including
competition for resources, browsing, pulsed recruitment, human disturbance such as tree
cutting or natural disturbance events such as droughts, floods, windstorms and fires
(Coomes et al. 2003; Hitimana et al. 2004; Wang et al. 2009).
Ecologists have used the size distribution of trees to predict future size
distributions of woodlands (Harper 1977), the effects of disturbance (Hett and Loucks
1976; Denslow 1995; Baker et al. 2005; Coomes and Allen 2007) and regeneration
potential (Poorter et al. 1996). Repeated measures on long-term study sites may be the
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most reliable methods for forest research because of the longevity of many tree species.
However, this may not be feasible due to the high cost and time commitment of such
studies (Botha et al. 2002). The alternative is snapshot surveys. These are often employed
as baseline research to determine whether further in-depth study is required. A study by
Condit et al. (1998) found that snapshot size distributions were not effective to predict
future population trends, though demographic information (such as tree reproduction,
growth and mortality) was. These factors vary greatly among species. Other researchers
consider the size distribution a product of demographics and life history traits and,
therefore, these parameters are useful to study population dynamics and to predict the
response to environmental changes (Niklas et al. 2003; Wright et al. 2003; MullerLandau et al. 2006; Coomes and Allen 2007). Aside from the limitation of snapshot
surveys, they can provide valuable information for woodland management (Botha et al.
2002; Sommerlatte 2006).
In East Africa, one factor that can affect the size distribution and condition of
acacia trees is interaction with large mammals and herbivores (Western and Maitumo
2004; Birkett and Stevens-Wood 2005). Woodlands at Naivasha are of special interest
because they are isolated from the damaging effects of elephants and rhinos. Predation of
wild animals in this system is negligible (KWS 2009, unpublished data), aside from
hunting by humans (Seth-Smith 2010 pers. comm.). A variety of wild herbivores with
diverse foraging strategies rely on the acacia woodlands. There are pure browsers such as
dik-diks (Madoqua spp.), mixed feeders such as Grant’s gazelles (Nanger granti) and
impalas (Aepyceros melampus), and pure grazers such as wildebeests (Connochaetes
taurinus) and zebras (Equus burchelli) (McNaughton et al. 1988). Giraffes (Giraffa
Camelopardalis) are exclusive browsers and seldom feed on plants less than 50 cm above
the ground (Young et al. 2005). They are considered mega-herbivores, which are plant
eaters that exceed 1,000 kg. Giraffes can reach branches up to 6 m high, though they
rarely browse above 4.5 m (Milewski et al. 1991). Elephants are the only other herbivore
that can reach above 2 m (Foster and Dagg 1972). Giraffes prefer to browse acacias, and
when available, acacias comprise the majority of their diet (Foster and Dagg 1972). The
mouths of giraffes are adapted to eat selectively and can remove growing shoots before
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their thorns harden. Although it is rare, giraffes also appear to be able to ingest mature,
hard thorns without discomfort (Foster and Dagg 1972).
The distribution of large animal species in relation to vegetation structure and
species composition was the focus of early research in Africa (Lamprey 1963;
McNaughton et al. 1988). The structural composition of trees, shrubs, and grasses
influence animal composition and are in turn influenced by the make-up of the animal
community. The complexity and structure of vegetation in an ecosystem with large
mammals affects the condition and distribution of the animals (McNaughton et al. 1988).
In short, an unhealthy habitat leads to unhealthy animals.
Terrestrial invertebrates also have been used as indicators of ecological change
caused by human land use (Rosenberg et al. 1986). Ants, specifically, are abundant,
easily sampled and occur in both disturbed and undisturbed habitats (Underwood and
Fisher 2006). Ants are responsive to human impacts such as land use change (agricultural
clearing, urbanization, rangeland grazing), pollution, introductions of invasive species
and climate change (Majer 1983; Majer and Beeston 1996; Folgarait 1998). Ants are well
established as useful bio-indicators in environmental monitoring programs such as mine
remediation (Majer 1983) and forestry (York 2000; Anderson et al. 2002) in Australia.
Not only are ants responsive to human disturbance, but the richness and diversity of
species changes with habitat structure and complexity (Ribas et al. 2003).
Factors fo r selecting study sites
In this study, woodlands at Lake Naivasha were considered under four broad types
of land use: conservation areas, rangelands, resorts, and near settlements. ‘Conservation
areas’ at Naivasha are not formal wildlife reserves, but areas informally protected by the
landowners. Conservation areas in this study included wildlife sanctuaries, an education
center, private land and flower farms. None of these sites were isolated from domestic
livestock grazing. Rangelands were large properties primarily for cattle grazing.
Naivasha is well known for its beautiful acacias, and there are many tourist resorts
with shoreline properties. Ecotourism has played a significant role at Naivasha, where it
is important to conserve habitats and wild animals because it is highly profitable. Large
farms for horticulture or floriculture at Lake Naivasha employ thousands of people
directly and indirectly. Many farms provide housing for employees and their families.
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Other people live in unplanned settlements around the lake. Woodlands near settlements
are mostly open for public access and had no manicuring (mowing or planting).
Lake Oloidien is a small lake southwest of the main part of Lake Naivasha.
Oloidien has changed from freshwater to an alkaline-saline lake since it was last
connected to the main lake during high water in the 1960s (Ballot et al. 2009). Sites were
also selected around Lake Oloidien to compare the effects salinity may have on woodland
health.
Hypothesis
Acacia xanthophloea woodland health is negatively correlated with human and wildlife
disturbances that are related to land use at Lake Naivasha.
The objective of this study was to answer two main questions:
What is the health of Acacia xanthophloea woodlands around Lake Naivasha?
How does woodland health differ between land use types?
Human and wildlife pressure related to land use could have varying degrees of
impact on the many factors that affect the health of Acacia xanthophloea woodlands at
Lake Naivasha. Figure 1 summarizes some of the possible variables, and their
interactions, that may contribute to woodland health and highlights those that were
studied.
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Figure 1. A conceptual model depicting the relationships between factors that may
contribute to acacia woodland health at Lake Naivasha. Factors in blue and bold were
targeted for study in this thesis.

Predictions
The predictions are related to factors contributing to woodland health, which are
highlighted in the conceptual model (Figure 1), and address how factors may be related to
land use, and human and wildlife impacts.
1. Land uses with high human impacts will have the least healthy woodlands.
Woodlands near unplanned settlements and flower farms will have the highest human
impacts and the least healthy forests. Conservation areas, having lower human impact,
will have the healthiest forests.
2. Acacia xanthophloea woodlands at Lake Naivasha regenerate in cohorts.
Recruitment will be rare under the canopy of large trees. Woodlands will consist of even
sized stands of Acacia xanthophloea trees. Intense browsing will stunt regeneration.
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3. Heavy browsing will be correlated with increased thorn length in Acacia
xanthophloea.
4. Floral diversity and habitat structure of Acacia xanthophloea woodlands will be
negatively correlated with human impacts. Alien plant species will be most prominent in
sites with high human impacts, closest to settlements. The structural diversity of the
understory will be lowest in sites that have been managed or manicured, such as resorts.
Conversely, less disturbed sites will have a higher proportion of native understory
species, higher plant diversity and a more complex structure of vegetation.
5. High soil salinity will be correlated with reduced regeneration of woodlands and
acacia dieback. Woodlands surrounding Lake Oloidien will have higher soil salinity and
there will be more acacia dieback near Lake Oloidien.
6. Ant abundance and diversity will be highest in healthy woodlands. Ant species
richness and diversity will be lower in disturbed than in undisturbed areas, and positively
correlated with the complexity of habitat structure and plant diversity.
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Materials and Methods

Field surveys were conducted in the acacia woodlands surrounding Lake
Naivasha, Kenya from August to September 2010 (Figure 2).
Site characteristics
Twenty-six study sites were selected to reflect a range of land use types around the
lake: resorts (7 sites), conservation areas (13), rangelands (3), and areas near settlements
(3) (Table 1). Access was a major factor in site selection, as much of the area surrounding
the lake is privately owned. Selected woodlands were within 1 km from the Lake
Naivasha shoreline. Since the north shore of the lake is more remote and it was more
difficult to make contact with landowners, this study concentrated mainly on sites along
the southwestern and southeastern shores (Figure 2). To be selected, each site needed to
be relatively homogenous and large enough to encompass a 200 x 20 m sampling
transect. The orientation of the transects within woodlands depended on the shape of the
woodland patch and was unrelated to compass direction or relation to the lake. The
locations of the start and the end of each transect were recorded as waypoints using an
Etrex Venture HC Handheld Global Positioning System (GPS).
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Table 1. List of the twenty-six study sites around Lake Naivasha (0° 45' S, 36° 20' E).
Site number and name, site ID code, type of land use and location (in decimal degrees)
are included.
Site#

Site Name

1
2
3
4
5

B u sh y Island
C rescent Island 1
C rescent Island 2
E lsam ere 1
E lsam ere 2

6
7
8
9
10
11
12

H ippo Point

Land Use
C onservation Area
C onservation Area
C onservation Area
C onservation Area
C onservation Area
C onservation Area
C onservation Area
C onservation Area
C onservation Area
C onservation Area
C onservation Area
C onservation Area
C onservation Area

Latitude

Longitude

-0 .7788
-0 .7 6 0 6
-0 .7638
-0 .8 1 3 2
-0 .8 1 4 4
-0 .7 9 4 9

36.4105
36.4085
36 .4 0 2 6
36.3163
36 .3 1 3 6
36 .3 0 9 6

-0 .7 9 6 8
-0 .8 1 5 4

36 .3 9 7 0
36 .2 8 9 0
3 6 .2 9 3 6
3 6 .2 9 2 4
3 6 .2 8 5 2
36 .4 2 0 5
3 6 .4 2 0 9
36 .2 7 2 5
3 6 .2 7 2 7
3 6 .4 1 0 9
3 6 .4 1 8 9
3 6 .3 3 8 8
3 6 .4 2 7 6
36.3771
3 6 .3 7 8 4
3 6 .3 9 0 2

23
24

N in i
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Figure 2. Satellite image from February 2008 showing the location of twenty-six study
sites (black triangles) around Lake Naivasha, Kenya. Legend to site numbers is given in
Table 1. Image from ASTER (Advanced Spacebome Thermal Emission and Reflection
Radiometer; http://asterweb.jpl.nasa.gov/index.asp).

Acacia survey
At each site a 200 x 20 m transect was surveyed by walking a center line on a
compass bearing and measuring ten meters on either side of the line. Within each transect,
the diameter at breast height (DBH) (1.3 m above the ground) of every acacia tree was
measured using a five-meter Rubicon diameter tape and a two-meter Lufkin metal
diameter tape for small trees. A “reach stick” (with marks calibrated to measure diameter
when held against the stem in an outstretched hand; Forbes 1955) was used for tree trunks
that were difficult to access, such as those covered in dense vines or surrounded by thorny
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branches. All stems over 3 cm DBH were measured separately, but noted if they were on
the same tree. The percent of the crown that was alive (based on a ten-point Domin scale;
Mueller-Dumbois and Ellenberg 1974; Appendix 1) was assessed for each stem as a
measure of tree health.
Live saplings with a DBH under 3 cm were placed into height classes (0-0.5 m,
>0.5-1 m, >1-2 m, >2 m) and considered ‘recruits’. The DBH of all standing dead acacia
trees was measured and classified into decay classes, adapted from Thomas (1979)
(Appendix 2).
Acacia xanthophloea can grow up to 25 m tall and the crowns of most trees are
out of reach to browsers. Lower branches at 1 m are accessible to all large browsers, and
branches at 2.1 m are only within reach of giraffes. If branches at 1 m or at 2.1 m (+/- 0.2
m) were encountered (typically on small trees), thorns were measured using the protocol
of Young et al. (2003). On each branch, the thorns at the first three nodes > 5 cm from the
tip of the branch were measured with a caliper to the nearest millimeter. The 5 cm
distance from the tip was to reduce variation in length due to growing thorns (Midgley
and Ward 1996). If there were two thorns at a node, the average was taken. If no thorn
had grown at a node a value of zero was recorded, but if a thorn had been broken off no
value was recorded. On a single tree, up to three branches at each height were measured.
Within a site, the thorns were measured on up to eleven trees (a maximum of 99 thorns).
Habitat plots
Along each transect, three non-overlapping circular plots were located randomly
to collect information on additional woodland characteristics using methods adopted from
James and Shugart (1970). The radius of each plot was 11.3 m, to provide an area of 0.04
ha. The center of each plot was on the transect line and could not be less than 25 m from
another plot to avoid overlap. Four strings of 11.3 m long were run from the center point
in the four cardinal compass directions (N, S, E, W), dividing the circle into four
quadrants (NE, SE, SW, NW; Appendix 3). The site name, plot number, Universal
Transverse Mercator grid location (UTM), observers and date were noted for each plot.
Appendix 4 contains a copy of the acacia transect and habitat plot field sheets.
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Height o f acacias
The heights of the tallest two acacia trees in each quadrant were estimated using
one of two methods, with a clinometer or a 45° angle gauge, depending on the site
characteristic and terrain. A clinometer was used to measure the angle to the top and
bottom of the tree, at a known distance from its base. Height was calculated using the
tangent of the angles. For the angle gauge, a 50 cm long string was attached to a stick 50
cm from the tip. Holding the stick upright with the end of the string below the eye
(making a 90° angle with the stick), the observer moved away from the tree until the
length of the stick (50 cm) matched the height of the tree. The distance from the observer
to the tree was measured as the height of the tree.
Habitat structure
Four 2 x 10 m transects were run along the strings laid out (N, S, E, W) to mark
the plots. Shrub and vine stem density, coarse woody debris and percent canopy and
ground cover were measured along the transect.
The taxon and number of woody stems (vines and shrubs) under 3 cm DBH that
were intercepted at breast height (outstretched arms holding a rod to reach 1 m on either
side) were recorded for each transect. If fallen logs over 3 cm in diameter intercepted the
transect lines, the diameter was measured using the reach stick and the decay class was
recorded using a 5-point scale from Hunter (1990) (Appendix 5).
An ocular tube was used to make point measurements of canopy and ground
cover. At ten points within each 10 m transect line (approximately 1 m apart), it was
noted if the cross hairs of the ocular tube pointing straight up hit canopy (branches or
leaves) (+), or open sky (-). The same method was used for ground cover with the tube
pointing straight down, noting if the crosshairs hit vegetation (+) or bare soil (-). Canopy
cover was also estimated using a convex circular mirror divided into 64 sections of equal
area. At the center of each plot, the mirror was held horizontal and the sections in the
mirror that reflected over 50% cover were recorded.
Cover values for four physiognomic types of ground cover (graminoids, forbs,
shrubs and vines) were noted for each quadrant using the ten-point Domin scale.
A vascular plant species list was recorded for each plot, noting the relative
abundance of every species (dominant, codominant, abundant, occasional, rare) in each
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layer where it was present (canopy, understory, shrub and ground). The approximate
percent cover corresponding to the dominance classification are as follows: dominant =
40%; codominant = 30%; abundant = 10%; occasional = 5%; rare = 1%. Where the plant
species was unknown, a voucher specimen was collected and the plant was assigned a
“convenience name” by which it could be remembered. Voucher specimens were
deposited in at the Herbarium of the University of Western Ontario (UWO).
Plant specimens were identified to the lowest possible taxonomic level (family,
genus, or species) using field guides and plant keys (Polhill 1972; Agnew 1974; Sapieha
2008; Dharani 2009). Grasses were identified to family only (Poaceae). Unidentified
specimens retained their “convenience name” for reference. Some vegetative specimens
could not be identified.
In addition to the acacia trees, the diameter of every tree species with a DBH over
3 cm in each quadrat was measured for an estimation of overall tree density.
Soil analysis
Three soil subsamples per quadrant were taken using a 2 cm corer to a depth of 15
cm and mixed to produce one sample of approximately 300 g.

Each sample was

homogenized (broken up and mixed), dried and stored in paper bags for further analysis.
Seven soil samples were contaminated while drying; thus there were a total of 305
samples for further analysis of salinity and texture.
Electrical conductivity (EC) of the soil was measured (in pS cm'1) using an
Oakton ECTestr 11 Plus probe. For each sample, a 10 g subsample of dried soil was
weighed into a 50 mL Falcon tube. Forty milliliters of distilled water were added, the
solution was shaken thoroughly to mix and then left to settle for 10 minutes. Three EC
measurements were taken with the probe for each sample and the average of these
measurements was used for analysis.
Soil texture was assessed by measuring the depth of sand, silt and clay layers, in
time increments after mixing into solution. For a 0.01 M solution, 2.7 g of sodium
pyrophosphate was dissolved in 1 L of deionized water. A clear tube of approximately 50
mL was half-filled with dry soil, and the remainder was filled with sodium pyrophosphate
solution. The soil-water mix was shaken for 10 to 15 minutes. The depth of particles that
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settled after 1 minute, 2 hours and after 1 day was measured with a ruler to mark the
amount of sand, silt and clay, respectively.
Ants
Ants were collected using soft forceps for 20 minutes in each plot, spending equal
time searching in each quadrant. Specimens were stored in 70% ethanol for further
sorting and identification. In Canada, ants were sorted by morphospecies (species
distinguished by their morphology) and counted. Specimens will be deposited in the
entomology collection at the University of Guelph.
Disturbance
At each plot, human disturbances (herbivory and trampling by livestock, logging
and tree cutting, earth displacement, garbage, planting, cultivation and mowing) and
natural disturbances (herbivory by wildlife, digging and trampling by wildlife, pests or
disease, windthrow, fire, flooding and bark stripping by giraffes) were scored for both
intensity (0 = none; 1 = light; 2 = moderate; 3 = heavy) and extent (0 = none; 1 = local; 2
= widespread; 3 = extensive) (Lee et al. 1998). Information on herbivory by livestock
was gained from speaking with the landowners about the type of domestic animals that
visited the site and how often. Other human disturbances were obvious from observation.
Bark stripping by giraffes was added to the list of natural disturbances after it was
observed in initial field surveys.

Preparation of data
Data were input into Excel spreadsheets for storage and summary. Data analysis
was done in Minitab 16, CoStat 6.4 and SPSS 19. Tree, habitat, disturbance and landform
data were summarized by site and combined into master tables (Appendix 6).
Descriptions of how site parameters were calculated are given below. A list of all
measured and derived variables with descriptions and calculations is in Appendix 7.
Site characteristics
The location of sampling sites was overlain on orthocorrected satellite images
(Figure 2) and topographic maps. ArcMap 9.3, produced by ESRI Incorporated, was used
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for analysis. A satellite image of Lake Naivasha from February 2008 was used to measure
distances from each site to the lakeshore, and the nearest settlement, road and greenhouse.
The slope of the shoreline (in degrees) was calculated from the distance between the 1900
m contour line on the topographic map and the waterline in the 2008 satellite image. The
average lake level for February 2008 (1886.5 m.a.s.l.; LNRA 2009, unpublished data)
was subtracted from 1900 (m.a.s.l.) to give a value of 13.5 m.
Acacia survey
From each acacia transect, the number of recruits (saplings < 3 cm DBH), stems
and trees (which could be multi-stemmed) were summed and used for analysis. Tree and
stem density (number per hectare) were calculated for each site by dividing the total
number of live trees or stems (> 3 cm DBH) by the area covered by the acacia transect
(0.4 ha). Basal area was calculated as the cross section area of the stems or trunks of all
trees in one hectare (m2 ha'1).
To calculate mean percent live crown from the Domin score, a transformation
denoted ‘Domin 2.6’ (Currall 1987) was used (Appendix 1). Domin values are on an
ordinal scale that takes account of both percent cover and abundance. They have to be
converted to percentage mid-points for most analyses, but the relationship between the
Domin score and percent cover is non-linear, especially for low Domin values. The
Domin 2.6 transformation provides a more accurate estimate of the percent cover than
percent midpoints over the whole scale (Currall 1987). The Domin 2.6 percent cover is
calculated from the equation below. The average health (percent live crown) was
calculated from all stems within the acacia transect.
„
(Domin score)26
Percentage cover = ------------------4
Habitat plots
Shrub and vine density were calculated from the number of stems intercepted at
breast height summed per site, divided by 240 (the total transect area - 20 m2 per plot
transect x 12 plot transects per site) then multiplied by 10,000 to get number of woody
stems per hectare. For fallen logs, the diameters were summed for each site as a relative
indicator of the amount of coarse woody debris.
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Percent canopy cover was estimated as the total number of (+) hits using the
ocular tube divided by 12 (total number of transects), multiplied by 100. The same
method was used to calculate ground cover. Canopy cover using the mirror method was
calculated by taking the mean of the number of sections in the convex mirror reflecting
over 50% cover over the three plots within a site. The measurements from the ocular tube
and convex mirror were highly correlated (R2 = 0.76), therefore the variables were
averaged for a single measure of percent canopy cover for each site.
To calculate the diversity of the four physiognomic types of ground cover, the
Shannon-Weaver diversity index (.H ’) (Shannon and Weaver 1963) was calculated using
the Domin 2.6 transformation of the Domin scores (Appendix 1; Currall 1987), as:

where p, is the proportion of the type of ground cover in a given site (i).
To reduce the dimensionality of the ground cover data, a Principal Components
Analysis (PCA) was carried out on transformed Domin values for the four physiognomic
types (graminoids, forbs, shrubs and vine). Cover values in 12 quadrats were averaged for
each site. Shrub and vine values were combined to create a variable for woody stems. A
PCA of the covariance matrix was performed in SPSS 19 according to the methods of
Jolliffe (2002). Principal Component 1 accounted for 87% of the total variation in the
data set. The component scores of the sites on PCI were then used as a single measure of
habitat composition.
The taxon lists generated at each plot were used to calculate richness of vegetation
per site, even when the species could not be identified. For species of interest, the total
cover of the species was summed per site using values of approximate percent cover
corresponding to the dominance classification. One species if interest, Achyranthes
aspera L. (Amaranthaceae), is an invasive, widespread weed in woodlands at Naivasha.
Achyranthes abundance in each site was used as another aspect of habitat composition.
Soil Analysis
The average EC value was calculated for each site. Average percent sand, silt and
clay were calculated based on the depth of each layer as a proportion of the total. A
triangle diagram was used to determine soil texture classification (Appendix 8b).
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Ants
Data collected from counting and sorting ants into morphospecies were used to
determine abundance, taxon richness and diversity. The Shannon-Weaver index (IT)
(Shannon and Weaver 1963) was used to calculate ant diversity based on morphospecies.
Disturbance
Values for the level (0-3) and extent (0-3) of each disturbance factor were
multiplied to produce a score from 0 - 9 for each disturbance. These values were summed
over human disturbances or wildlife disturbances (herbivory and trampling by wildlife
and bark stripping by giraffes) to create an index of both human and wildlife impacts for
each site. Wildlife disturbance was a subset of the natural disturbances

Spearman’s rank correlation analysis was used initially to examine the
relationships between all site parameters. Comparisons of variables of special interest, or
with correlation coefficients near or above the critical value of rS(o.o5 ,24 ) = 3.98 were
plotted and examined in more detail.

Linear regressions for continuous variables or

general linear models (GLM) of groups were used to test the significance of these
relationships. Some variables were log transformed for analysis to meet the assumptions
of normality and homoscedasticity.

21
Data Analysis
Comparisons o f land use types
To detect differences in acacia woodlands under different land use types (resorts,
conservation areas, near settlements and rangeland), comparisons were made for acacia,
habitat, soil, ant landform parameters and disturbance indices using a GLM and Tukey’s
honestly significant difference (HSD) at a significance level of 0.05.
Size distribution o f acacia trees fo r each site
For each site, stems were grouped into size classes with increasing intervals from
small to large DBH following Lee et al. (1998). The range of diameters for each size class
was:
Size Class

Diameter (cm)

1
2
3
4
5

3-10
10-25
25-50
50-100
100+

Size class data were subjected to cluster analysis in Minitab 16 in order to group
the sites into clusters based on similarity of size distributions. Sites were grouped using
Ward’s clustering (Ward 1963) based on Euclidean distance. The data were standardized
(by subtracting the means and dividing by the standard deviation before calculating the
distance matrix) to reduce differences in the magnitude of the size distribution
frequencies and equalize the weighting of the size classes (Milligan and Cooper 1988).
A G test (log-likelihood ratio) (Woolf 1957) was performed for a 5 x 3
contingency table of the number of trees in each size class (1-5) for the three size class
groups resulting from the cluster analysis.
All acacia survey, habitat, soil, ants, and landform parameters, and disturbance
indices were compared among size class groups using General Linear Models (GLMs)
and Tukey’s method (HSD) at a significance level of 0.05.

22

Size distribution o f acacia trees
The population structure of acacia woodlands at a landscape scale around Lake
Naivasha was described using a combination of Simpson’s index of dominance (Pielou
1977) and a permutation index developed by Wiegand et al. (2000). Tree diameters were
converted into circumferences at breast height to enable direct comparison to other
studies (e.g. Wiegand et al. 2000; Botha et al. 2002). In the case of multistemmed trees,
the aggregate trunk circumference was calculated from summing the basal area covered
by the combined stems (Coughenour et al. 1990). For both indices, the stem
circumference data were grouped into 20 size classes with 15 cm intervals, starting at 10
cm (since diameters were measured only if they were 3 cm or larger). All trees with a
circumference of > 300 cm were grouped into the 295 - 310 cm class.
The Simpson’s index of dominance (C) represents the probability that two
randomly selected individuals will not belong to the same species (in this case size class)
(Pielou 1977). The Simpson’s index can be used as a measure of the evenness of the
occupation of size classes, despite the order in which the size classes are arranged
(Wiegand et al. 2000; Botha et al. 2002).
1
20
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where C is Simpson’s index of dominance, N is the number of trees, and TV, is the number
of trees in class i. Values above 0.1 show that the size distribution is steeper than would
be expected from an exponentially declining population, while values below 0.1
demonstrate that the size frequency is more evenly distributed.
The permutation index (Wiegand et al. 2000) is built on the idea that undisturbed,
‘ideal’ acacia woodlands are expected to have size distributions that decline
monotonically (Ward and Rohner 1997). In this case, the theoretical ranking of size
classes from smallest trees to largest trees should mirror the ranking of frequency from
most frequent to least frequent and the permutation index would equal zero.
20

y,=l,...,20.
¿-1
where P is the permutation index,./, is the rank of size class i (i=l for the smallest trees),
with the highest rank (J,=1) given to the most frequent size class. If the size distribution is
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discontinuous, i.e., size classes with larger trees precede those with smaller trees in
frequency rank, the permutation index is higher (P > 0) than that of a monotonically
declining population. The maximum value for P is 200 (that of a monotonically inclining
population).
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Results

Comparisons o f land use types
Greenhouses are often the center of human activity at Lake Naivasha and the
distances to the nearest greenhouse differed amongst land use types (p = 0.0023; Figure
3). The rank order for increasing distance to the nearest greenhouse was settlements,
resorts, conservation areas, then rangelands, but small sample sizes mean that significant
differences among the groups are unclear.
Comparisons were also made among land use types (settlements, resorts,
conservation areas, and rangelands) for all parameters (Appendix 9) using General Linear
Models and means were compared using Tukey’s honestly significant difference (HSD).
The small sample size for sites did not give sufficient statistical power to detect
significant differences at p = 0.05 for some variables. To examine additional patterns,
variables that were significantly different between land use types at p = 0.10 were plotted
(Figure 4)

Figure 3. Means and standard errors of the distance (in meters) to the nearest greenhouse
for sites near to settlements (SETT), resorts (RESO), conservation areas (CONS) and
rangelands (RANG). Unique capital letters indicate the means are significantly different
at p = 0.05 (Tukey’s HSD).
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Land Use Type
Figure 4. Comparisons of acacia variables (a,b), habitat parameters (diversity of ground
cover ( I f ) and electrical conductivity of soil (pS cm'1) (c,d), human and wildlife
disturbance indices (e,f), among land use types. Presented are the mean and standard
errors. Land use types include settlements (SETT), resorts (RESO), conservation areas
(CONS) and rangelands (RANG). Land use types with unique capital letters indicate the
means are significantly different at p = 0.05 (Tukey’s HSD).
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The proportion of dead acacia stems was highest in the conservation areas, and
lowest in resorts and rangelands (p = 0.006; Figure 4a). The number of recruits was not
significantly different across land use types, but was most variable in rangelands (p =
0.610; Figure 4b). Diversity of ground cover was lowest in rangelands and highest in
conservation areas (p = 0.020; Figure 4c). Soil conductivity did not differ significantly
among sites, but appears more variable in settlements and was higher in settlements and
conservation areas than other land use types (p = 0.077; Figure 4d). The human impact
index was higher at settlements than all other land use types (p = 0.001; Figure 4e).
Conservation areas had significantly higher wildlife impacts than settlements, and the
other two land uses were intermediate (p = 0.019; Figure 4f).

Acacia Survey
In the 26 woodlands where acacia surveys were conducted, a total of 1900 stems
were measured on 1051 trees. There were 344 dead stems (18%), which were most
prominent in two sites (both conservation areas) - Oserian 1 (142 stems; 42% of trees)
and Bushy Island (99 stems; 31%). Ten sites were free of dead stems. For live stems,
there was an overall percent live crown of 49.8%. Only three trees in all sites were
classified under a Domin score of +, 1 or 2. The woodlands had a range in acacia stem
density from 12.5 to 612.5 stems/ha. There was a significant negative correlation between
density of stems and median DBH (R = 0.381; p = 0.001) and with stem health (percent
live crown) (R2 = 0.243; p = 0.011).
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Size distribution o f acacia trees fo r each site
The results of the cluster analysis using acacia stem size classes as variables are
illustrated in the dendrogram in Figure 5. Three groups of sites are evident. The
representation of each land use type within groups can be found in Table 2.
Cluster Analysis of Sites by Size Class Distribution

I___,___I ____________________ I 1____________________
\

Group 1

Group 2

I

Group 3

Sites

Figure 5. Dendrogram of the results of a cluster analysis on tree size classes using Ward's
clustering and Euclidean distances for standardized variables. Site numbers are along the
x-axis (refer to Table 1 for site names). Three main clusters were identified - Group 1,
Group 2 and Group 3.

Table 2. The representation of each land use type within a group.
Land Use Type
Settlements
Resorts
Conservation Areas
Rangelands
Total

Group 1

Group 2

Group 3

Total

1
1
2
0
4

1
3
6
1
11

1
3
5
2
11

3
7
13
3
26
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The relative frequencies of all stems in each size class were calculated for each
group to compare size class distributions among the groups. The results are plotted in
Figure 6.

3-10

10-25

25-50

50-100

100+

Diameter (cm)
Figure 6. The relative frequency of stems (%) in each size class for Group 1 (4 sites, 782
stems), Group 2 (11, 506) and Group 3 (11, 268), from the Ward’s clustering (see Figure
5).
Groups represent dominance by either small trees (Group 1), a range of mid-sized
trees (Group 2) or large (Group 3) tree size classes. Size class distributions are
significantly different among groups (G = 781; Gcriticai(o.ooi,8) = 26.1).
Comparisons o f woodland size class groups
Since the woodlands are in distinctive stages, they can be expected to respond
uniquely to herbivory and human disturbance. All parameters were compared between
size class groups using GLMs (Appendix 9) and Tukey’s HSD at p < 0.05. The basal area
and health (percent live crown) of acacia trees, habitat composition (cover of Achyranthes
aspera L.), and site characteristics (slope) were significant at p = 0.10 (Figure 7). The
proportion of dead acacia trees and soil EC were also variable (Figure 7).
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a)

b)

Figure 7. Comparisons of acacia (a,b,c), habitat (d,e) and landform (f) parameters (mean
and standard errors) between size class groups. Groups with unique capital letters indicate
the means are significantly different (p < 0.05) according to Tukey’s HSD (General
Linear Model).
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Basal area was significantly higher in Group 3 with large trees than in Group 2
with mid-sized trees (p = 0.020; Figure 7a). Woodlands in Group 1 with small trees were
significantly denser (mean = 265 trees/ha) than Group 2 (mean = 84.1) and Group 3
(mean = 58.4) woodlands at p < 0.0005 (Tukey’s HSD), although their basal area was not
significantly different from woodlands with large trees (Group 3). The mean health
(percent live crown) of acacias was significantly lower in Group 1 than in Group 2 or 3
woodlands (p = 0.019; Figure 7b).
All other parameters tested did not significantly differ among sites. There was a
trend of higher proportions of dead trees and more variability in Group 1, and lower
proportions of dead trees in Group 3 woodlands (p = 0.139; Figure 7c).

Group 1

woodlands were often on more gradual slopes than the woodlands in Group 2 or 3 (p =
0.092; Figure 7f).

There was a marginally significant trend that the total cover of

Achyranthes aspera (p = 0.073; Figure 7d) and the EC of soil (p = 0.144) were generally
lowest and less variable in Group 2 (woodlands with mid-sized trees) compared to
Groups 1 and 3. Even though tree sizes were significantly different, the number of
seedlings (regeneration) did not differ between groups (p = 0.333).
Regeneration
Recruitment (small trees under 3 cm DBH) was seen in 16 of the 26 woodlands,
but 10 of these sites had fewer than ten small trees. Of all the recruits, a total of 460
stems, only 8 were dead (2%). Stems < 3 cm DBH had an overall average health (percent
live crown) of 61.8%, compared with adult trees, which had a mean of 49.8%.
In linear regressions, the number of recruits (log transformed) had significant
negative relationships with percent canopy cover and the habitat composition variable
(PCI), and a positive relationship with wildlife impacts. Higher numbers of recruits were
usually found in areas with lower percent canopy cover (R2 = 0.66; p < 0.0005; Figure
8a). On the PCI axis, the ground layer type with a large negative loading on PCI was
graminoids (-0.745), and the type with large positive loading on this axis was forbs
(0.667). Recruitment was favoured in habitats where the ground layer was dominated by
grass, rather than forbs (R2 = 0.36; p = 0.001; Figure 8b). Significantly more saplings
grew in areas with high wildlife impacts than in those with low impacts (R2 = 0.23; p =
0.014; Figure 8c).
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Figure 8. The log-transformed number of recruits (small trees under 3 cm DBH),
compared with (a) percent canopy cover and (b) ground layer composition (negative
values have a higher proportion of grass, and positive values have a higher proportion of
forbs) and wildlife impacts (c).
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Size distribution o f acacia trees
Based on the permutation index, the size class frequencies of acacia trees on a
landscape scale were discontinuous (P = 20). The permutation index was higher (some
larger size classes were over represented) than that of a monotonically declining
population (with P = 0) (Figure 9). The size classes of trees were also more evenly
distributed based on Simpson’s index of dominance (C = 0.068) than would be expected
for an ideal population (C = 0.10).

Stem Circumference (cm)

Figure 9. The frequency of trees (n = 1051) for each size class in 26 woodlands fringing
the shoreline of Lake Naivasha. A permutation index (P) (Wiegand et al. 2000) and
Simpson’s index of dominance (C) (Pielou 1977) are noted. Line of best fit is
exponentially declining (equation: y = 154.82e'°128x). “Steps” in size distribution are
denoted by arrows.
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Herbivory: acacias
Seventy-eight trees in 15 sites were sampled for thorn length. A total of 780
spines were measured altogether. Sixty-seven trees with branches at 1 m and 32 trees with
branches at 2.1 m were sampled. Some trees had branches measured at both heights. Of
the sites where thorns were measured, there was a significant positive relationship
between thorn length and wildlife impacts (R2 = 0.49; p = 0.005; Figure 10). In a GLM,
thorns were significantly longer (p = 0.006) on branches at 1 m (mean = 30 mm; SE +/1.17 mm) than on branches over 2 m (mean = 26 mm; SE +/- 0.74 mm).

Figure 10. Relationship between mean thorn length (mm) and wildlife impact index at 15
sites. Error bars are standard errors.
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There was a significant negative relationship between mean health of acacias
(measured as percent live crown) and wildlife impacts (R = 0.26; p = 0.002; Figure 11).

Figure 11. Mean health of acacia trees (percent live crown) by site with standard errors
plotted against wildlife impact index.

Figure 12 shows the results of a GLM testing mean crown health of acacias in
each size class (diameter) for sites where giraffes were either present or absent. The
health of stems in the smallest three size classes was significantly lower in sites with
giraffes. The difference in health within the smallest size class (stems 3 to 10 cm in
diameter; p < 0.0005) is likely due to browsing. The next two classes of mid-sized trees
(10 to 25 cm, p < 0.005; 25 to 50 cm, p = 0.008) had branches that were out of reach of
all browsers. The significant difference in health could be due to the effects of bark
stripping by giraffes.
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■ Giraffes Present
□ No Giraffes

100+
Size Class (cm)

Figure 12. Mean percent live crown of acacia stems in different size classes for sites
where giraffes were present (black) and absent (grey). Bars are one standard error, and the
asterisks above the bars denote significant differences in health (p < 0.005) within size
classes.

Habitat structure and complexity: disturbance
There were few significant relationships between habitat parameters and
disturbance indices (human and wildlife impacts) (Table 3), and R2 values were generally
very low. Percent ground cover was significantly correlated with both disturbance factors
(values in bold; Table 3). Canopy cover was only significantly related to the disturbance
indices at p = 0.10. No strong links to the impacts of humans or wildlife were found for
woody stem density, amount of coarse woody debris, richness of vegetation, ground layer
composition or the total cover of the invasive species Achyranthes aspera.
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Table 3. The results of simple linear regression analyses comparing human and wildlife
disturbance indices to habitat parameters of acacia woodlands. The direction of the trends
(positive or negative) are in parentheses. The variable significant at p >0.05 is shown in
bold.

H u m a n I m p a c ts
H a b it a t P a r a m e t e r

W ild lif e I m p a c ts

R2

p-value

R2

p-value

0.05

0.273

0.063

0.217

C oarse w o o d y debris (cm )

0.011

0.613

0 .0 0 0

0.995

C an op y cover (%)

0 .1 3 4

0.066

0.131

0.070

W o o d y stem d ensity (#stem s ha"1)

G r o u n d c o v e r (% )

0 .2 9 8 (+ )

0 .0 0 4

0 .2 6 7 (-)

0 .0 0 7

D iv er sity o f ground cover (H*)

0.113

0.093

0.142

0.058

R ich n ess o f vegetation

0.009

0 .6 4 0

0 .0 0 0

0.994

T otal co v er o f A chyranthes aspera (%)

0.002

0.849

0 .0 1 0

0.621

PC 1 - Habitat com position

0.142

0.058

0.111

0.096

There was a strong negative correlation between human and wildlife impacts (R2
= 0.796; p < 0.005). These factors have opposite linear relationships with different site
parameters. Ground cover (Figure 13) was negatively correlated with wildlife impacts,
and positively correlated with human impacts. In sites with high wildlife impacts, ground
cover was more diverse, whereas high human disturbance was correlated with low
diversity (Figure 13), but these trends were only significant at p < 0.10.
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Figure 13. Scatter plots of percent ground cover and diversity of ground cover {H’)
against wildlife (a,c) and human (b3d) impact indices.
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Although habitat composition (based on PCI) and disturbance indices had linear
relationships only significant at p < 0.10, analysis using a polynomial regression in
CoStat 6.4 showed that PCI had a significant second order polynomial relationship with
wildlife impacts (p = 0.007) and human impacts (p = 0.003).
Figure 14 illustrates that wildlife impacts were the highest where there was a near
equal balance in the composition of the understory between grasses (negative values) and
forbs (positive values), shifted slightly towards dominance of grasses. At both extremes,
in sites that were dominated by forbs (mostly settlements) or grasses (typically
rangelands), there was less wildlife pressure. Conservation areas, which had the highest
intensity of wildlife across sites (Figure 4), had the broadest range of habitat composition.
Human impacts showed the opposite trend - there was relatively low human pressure in
sites where the understory was composed of grass and forbs. There was the highest
human pressure on sites of predominantly grass (rangelands and resorts) and forbs
(settlements). Conservation areas had the lowest human disturbance and were variable in
composition.

Site richness o f vegetation
Eighty-eight vascular plant taxa were recorded across all sites. Of those taxa, as
many as 50 were found in a single site and 16 taxa occurred in only two sites. Table 4
gives a list of taxa encountered in more than two sites, including the taxon name to the
lowest taxonomic level identified, number of sites where it occurred, origin (native,
adventive (non-native) or invasive status (if known)), and growth form. Although 88 taxa
were distinguished in the field, the identities or even the family of many are unknown
(numerous were vegetative). For this reason a complete species list was not included in
this thesis.
Acacia xanthophloea was the only taxon found in all sites. Only 7 of 26 sites
contained other tree species, with a total of 11 other species identified. No other tree
species occurred in more than two sites.
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Figure 14. Graphs of wildlife (a) and human (b) impacts plotted against composition of
understory flora (PCI). Sites with highly negative values on the x-axis are dominated by
grass, and sites with highly positive values are dominated by forbs. The second order
polynomial lines of best fit for both (a) and (b) are shown. Land use types include
conservation areas (CONS), rangeland (RANG), resorts (RESO), and near to settlements
(SETT).
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Table 4. A list of vascular taxa that occurred in more than two sites. Origins are native
(N), adventive (A), invasive (I) or unknown (-).

F a m ily

N u m b er
o f sites

O rig in

F orm

A ca cia xanthophloea

Fabaceae

26

N

Tree

P oaceae

P oaceae

25

-

Gram inoid

A chyranthes aspera

Am aranthaceae

17

I

Forb

H ypoestes fo rsk a o lii

A canthaceae

15

N

Forb

S en ecio 1

A steraceae

14

-

Forb

Solanum incanum

S olon aceae

14

-

Subshrub

A steraceae

A steraceae

12

-

Forb

N yctaginaceae

11

N

V ine

W ithania som nífera

S olon aceae

11

I

Shrub

O xalis sp.

O xalidaceae

9

-

Forb

M alvaceae

7

N

V ine

A m aranthaceae

6

N

Forb

M alvaceae

6

-

Shrub

Fabaceae

5

N

Shrub

A steraceae

5

-

Forb

c f A m pelocissus

V itaceae

4

-

V ine

D ovyalis caffra

S alicaceae

4

A

Shrub

4

-

Forb

T axon nam e

C om m icarpus p lu m b a g in eu s

P a vonia p a ten s
C yathula uncinulata
S ida tenuicarpa
C assia didym obotrya
S en ecio 2

“F lesh y Fountain”

A b utilón m auritianum

M alvaceae

3

N

Shrub
Forb

C irsium sp.

A steraceae

3

-

C onyza sp.

A steraceae

3

-

Forb

D a tu ra sp.

Solonaceae

3

A

Subshrub
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Electrical conductivity (EC) o f soil
The mean EC of soils was 197 pS cm'1, with a range of 119 to 385 juS cm'1. There
was a significant negative relationship between the EC of soil and the occurrence of
regeneration (R2 = 0.20; p = 0.021; Figure 15a). The EC of the soil had a significant
positive relationship with basal area (R2 = 0.29; p = 0.005; Figure 15b), and the total
cover of Achyranthes aspera (R2 = 0.53; p < 0.005; Figure 15c). In sites dominated by
grass (negative values on PCI), there was lower soil EC than sites dominated by forbs (R2
= 0.26; p = 0.008; Figure 15d). No correlation was found with tree percent live crown (R2

Achyranthes aspera Cover (%)

= 0.07; p = 0.191).

Figure 15. Scatter plots of EC of soil (pS cm'1) against (a) log regeneration, (b) basal area
of acacias (m ha' ), (c) total cover of Achyranthes aspera and (d) habitat composition
(PCI).
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Soil texture
Preliminary results of the soil texture analysis reveal that soils in all sites at
Naivasha were composed mostly of sand (Appendix 10). All soils were classified as
either loamy sand, sandy loam or sand according to the Canada Department of
Agriculture (1976) textural classification (Appendix 8). Percent sand had a significant
relationship with the site distance from the lake (R2 = 0.38; p = 0.001; Figure 16a) and a
relationship with the slope of the shoreline significant at p = 0.10 (R2 = 0.13; p = 0.075;
Figure 16b). The percent sand, silt or clay in soil were not significantly related to soil EC.
Soil was also significantly different between land use types (Appendix 9); land use types
also differed with distance from the lake (Figure 3).

Figure 16. Mean percent sand in soil compared with (a) site distance from the lake, and
(b) the slope of the shoreline.

43
Ants
The total number of ants collected was 3510. Ants were sorted into 39
morphospecies (species distinguished by their morphology). One taxon represented 82%
of the total ants collected.
Regression analyses of ant abundance (total number of individuals per site) and
ant diversity against all habitat-related variables suggest that, with a few exceptions, ants
were not strongly affected by the structure of their habitat (Table 5). Ant abundance was
generally high in sites with a high proportion of dead trees (p = 0.015) and ant diversity
was associtated with ground layer composition (p = 0.037). Sites dominated by forbs had
higher ant diversity than did sites with mainly grass. There was also a positive
relationship between percent ground cover and diversity of ants (p = 0.014). Analyses
with ant diversity and richness produced similar results, thus, only the results for ant
diversity are presented. Ant diversity was significantly positively related to canopy cover
(p = 0.050).
Table 5. The results of linear regressions testing the relationships between ant abundance
(total number of individuals) and ant diversity to acacia and habitat parameters. Bolded
values are significant at p = 0.05 and the types of relationship (positive or negative) are
shown in parentheses.

A n t A b u nd an ce
P a r a m e te r

A n t D iv e r s it y

R2

p-value

R2

p-value

0 .0 4 9

0.277

0.043

0.310

0 .2 2 3 (+ )

0 .0 1 5

0.048

0 .2 8 4

W o o d y stem d ensity (#stem s/ha)

0 .0 0 7

0.679

0.022

0.466

C oarse w o o d y debris

0 .0 1 2

0.588

0.030

0.399

C a n o p y c o v e r (% )

0 .0 9 4

0.127

0 .1 5 1 (+ )

0 .0 5 0

G r o u n d c o v e r (% )

0 .0 9 0

0.137

0 .2 2 5 (+ )

0 .0 1 4

D iversity o f ground cover (H*)

0 .0 0 6

0 .7 1 0

0.008

0.666

R ich n ess o f vegetation

0 .0 2 0

0.492

0 .0 0 0

0.958

P C 1 - H a b it a t c o m p o s it io n

0 .0 0 6

0 .7 1 0

0 .1 6 8 (+ )

0 .0 3 7

M ean percent liv e crow n
P r o p o r t io n o f d e a d ste m s
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Ant diversity and abundance were influenced by human and wildlife disturbance
factors (Figure 17). Human impacts had a significant positive relationship with ant
diversity and a negative relationship with abundance. The opposite was true for wildlife
impacts.
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Figure 17. Relationships between (a) human and (b) wildlife impact indices and ant
abundance and diversity.
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Discussion

The toughest challenge with this study was not to define the properties of healthy
woodlands at Naivasha, but to reconsider these dimensions once a better understanding of
the system was gained. What was expected of healthy woodlands? Stands would have
sufficient regeneration and trees with completely live crowns. Vegetation would have
high structural and taxonomic richness and be dominated by native plants. Ants would be
abundant and of diverse taxa. Habitat descriptors were expected to correlate with a
gradient of human disturbance, and the most heavily impacted sites were expected to be
the least healthy.
Human impacts were the primary focus for defining the major land use types
evaluated around the lake. From field surveys, it appeared that wildlife had impacts as
significant as those of humans, and the meaning of a healthy woodland changed. Are
woodlands able to support native animals that rely on their resources? Are the loss of
woodlands and restriction of wildlife movement, which result from increasing human
presence, leading to the degradation of woodlands at Naivasha? In the discussion that
follows these questions are addressed, as well as others related to woodland health.
The hypothesis for this study was: Acacia xanthophloea woodland health is
negatively correlated with human and wildlife disturbances that are related to land
use at Lake Naivasha. My first prediction was that land uses with high human impacts
would have the least healthy woodlands. Conservation areas, having low human impact,
were expected to have the healthiest woodlands.
Greenhouses
The human impacts index calculated in the field surveys was effective at capturing
site-specific human influences such as livestock grazing, mowing and logging. The
distance from the woodlands to the nearest greenhouse was another measure of human
impacts and appeared more representative of the pressure from the general population.
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People at Naivasha tend to live, work and congregate near greenhouses (flower farms and
horticulture), so these were highly impacted areas.
Settlements and resorts were closest to greenhouses (Figure 3). Unplanned
settlements were naturally established close to opportunities for employment, either at the
flower farms or by providing goods and services to the floriculture workers. Conservation
areas were typically farther from greenhouses than settlements and resorts (> 1 km),
despite some of the conservation areas being owned by flower farms (Oserian, Nini).
Human Impacts
The human impact index declined as the sites were farther from greenhouses
(Figure 4e). Rangelands, though farthest from greenhouses, had higher human impacts
than conservation areas due to herbivory and trampling by livestock. Domestic animals
are not only reared at private rangelands. The pastoral Maasai graze their livestock
wherever suitable pastures can be accessed and most often sites near settlements were
heavily grazed. Other human impacts near settlements included logging, garbage and
cultivation.
Humans directly affected the growth and health of acacia trees by removing
branches and cutting down trees (dead or alive). It is possible that people also remove
saplings for firewood. A study of tree removal in East Africa found that extraction
decreased with increasing distance from settlements (Luoga et al. 2002), and this is likely
true for distance from greenhouses at Naivasha. Overall, little CWD was found in the
field surveys. Where CWD did occur was most often in conservation areas, where human
impacts were low. This may be accounted for by the fact that unhealthy and downed
branches or trees were removed from other sites. In this study, tree health (based on
percent live crown) was highest in sites with heavy human impact, and the proportion of
dead trees was lowest. Thus, sites with the highest human impact index had the healthiest
acacia trees based on the percent live crown, though it may be because unhealthy and
dead stems were removed.
Wildlife
The index of wildlife impacts generally increased with the distance from
greenhouses (Figure 4f), although rangelands, which were farthest from greenhouses, had
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lower wildlife impacts than conservation areas. Resorts and rangelands have two natural
deterrents to wild animals - humans and livestock. These interactions are discussed in
more detail below. Acacia woodlands at resorts were used by wildlife if the habitat was
protected for ecotourism.
Conservation areas had significantly higher wildlife impacts than other land use
types. High wildlife pressure had consequences for the growth of trees, regeneration and
the understory vegetation. In conservation areas, there was the highest proportion of dead
acacia stems. Sites with high wildlife impacts also had trees with low percent live crown
(Figure 11). Though the impacts of wildlife do affect tree health, it is possible that the
number of dead trees was disproportionately high in conservation areas because humans
typically did not collect firewood from these sites.
Study sites were assumed to be independent of each other for data analysis, since
measures were taken in the field to avoid potential spatial autocorrelation within sites of
the same general location (e.g. Sopa Lodge, Weavers). If more than one stand of trees in
an area met the criteria of suitability, each woodland was required to possess features that
distinguished it from proximal sites. The factors considered include trees of different
stages of growth, managing the understory compared with leaving it wild, differing
slopes, or a fence separating woodlands and excluding wildlife. Although attempts were
made to avoid spatial autocorrelation, potential remains for bias in site selection. Due to
the privatization of shoreline property, sites selection depended on access to the
woodlands, and assigning sites randomly or at set distances was not possible.
The second prediction of this study was that Acacia xanthophloea woodlands at
Lake Naivasha regenerate in cohorts, and that woodlands would consist of even-sized
stands of acacia trees. Recruitment would be rare under the canopy of large trees, and
intense browsing would stunt small trees.
The clustering of size class groups supported the prediction that woodlands at
Naivasha are growing in even-aged stands (Figure 6). In a continuously regenerating
forest, one would expect to see a reverse-J shaped distribution indicative of uneven-aged
woodlands (Feeley et al. 2007; Hitimana et al. 2004; Niklas et al. 2003). The size class
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frequencies of woodlands at Naivasha did not resemble this distribution. Instead,
significantly distinct size class groups represented cohorts of similar-sized trees.
Lamprey and colleagues (1967) previously reported that in the Serengeti National
Park, riverside Acacia xanthophloea grew in even-aged stands. The majority of the trees
fit into four distinct size classes: approximately 20, 70, 145 and 190 cm in circumference.
At the landscape-scale, size distribution of all trees at Naivasha was more even than
would be expected for an ‘ideal’ population. Figure 9 shows a pattern of “steps” in the
size class distribution (marked by arrows) where adjacent size classes have similar
frequencies. Interestingly, these steps generally begin at the size classes mentioned in
Lamprey et al. (1967) (Figure 9). The size distribution of woodlands at Naivasha was
more even compared with a study done on a protected Acacia xanthophloea woodland in
Kruger National Park, South Africa (C = 0.09), while the level of discontinuity was
similar (P = 22; Botha et al. 2002). It would be interesting to investigate if the age of
cohorts of size classes at Naivasha corresponded to periods of heavy rainfall, resulting in
high moisture availability and/or lake flooding and drawdown.
A common explanation for the growth of even-aged stands is that seedlings
emerge after periods of abundant water availability (Young and Lindsay 1988; Grice et
al. 1994; Wiegand et al. 2000). Lake Naivasha is a semi-arid zone (Hickley et al. 2004)
that experiences extreme fluctuations in water level (Verschuren et al. 2000). The
woodlands with small trees were generally on more gradual slopes than woodlands with
large trees (Figure 7). The trees at these sites may have emerged after recent episodes of
high lake levels. For example, in 1998, water levels were high enough to reach the
Weavers 1 site (Higgins 2010, pers. comm.). At the time of the survey, Weavers 1 had
abundant, fairly even-sized saplings that had emerged since the area was flooded
(Appendix 6a). In the late 1970s, lake levels reached approximately a meter higher than
the peak reached a decade ago (LNRA 2009, unpublished data). Fluctuations of this
magnitude or larger may account for the stands of even-aged trees in the flood zone and
would likely coincide with periods of high rainfall.
The number of recruits, though not significantly different among land use types,
followed a similar pattern as distance from greenhouses (Figure 4b). There were virtually
no recruits near settlements, possibly due to extraction of small trees for firewood. The

49
sites with the highest mean abundance of recruits were rangelands. The presence of
livestock generally deters wild animals (Prins 1992). An experimental study in Kenya by
Young et at. (2005) found evidence that cattle were outcompeting wildlife for ground
layer flora. Cattle do not browse saplings since they primarily feed on grass (Young et al.
2005). In rangelands, regeneration could be protected from browsing by the presence of
cattle that deter wild browsers. Recruits were also generally found in more grassy areas
(Figure 8b), and cattle effectively reduce the height of grass, mitigating shading and
competition, which allows increased seedling growth (Riginos and Young 2007).
Recruits was also found more often where percent canopy cover was low, supporting the
prediction that regeneration would occur in gaps in the canopy (Figure 8a).
The effects of wildlife browsing on small trees were obvious. Seedlings or
saplings that were heavily browsed had an increase in lateral branch growth, which gave
saplings a bush-like, topiary appearance (Figure 18).

Figure 18. Giraffe browsing an Acacia xanthophloea tree at Lake Naivasha, Kenya.
In favourable conditions, Acacia xanthophloea saplings can grow 1.4 m in height
in one year (Lamprey et al. 1980). Many trees that were heavily browsed were less than 2
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m tall and their height was stunted. At Naivasha, giraffes appeared to browse acacias
more often than did other herbivores (pers. obs. 2010). Giraffe browsing has been shown
in other studies to hold acacias in small height classes, preventing stands of saplings from
developing into mature woodlands (Lamprey et al. 1980; Pellew 1983).
In addition to browsing, self-thinning can at least partly explain why trees in
woodlands dominated by small trees had significantly less live crown (Figure 7). Self
thinning is mortality due to competition for light and resources in plant populations
growing at high densities (Niklas et al. 2003). The woodlands with densely growing small
trees had significantly less live crown than did large-tree woodlands. Additionally, small
trees may also be self-pruning their branches when competition for light is high, as seen
in other tree species (Weisberg et al. 2005). Mortality rates usually decline with a tree’s
size or age (Harcombe 1987), and a higher percent live crown for trees in the less dense
mid-sized and large-tree woodlands was observed at Naivasha.
Based on the expectation that heavy browsing would be correlated with
increased thorn length in A ca cia xan th oph loea (Prediction 3), areas around Lake
Naivasha with the largest wildlife impacts were predicted to have trees with the longest
thorns.
A study done on Acacia drepanolobium in Laikipia, Kenya found that acacias
isolated from native browsers were twice as likely to reproduce than those exposed to
browsers (Goheen et al. 2007). Trees that did reproduce in the protected population had a
greater output of seeds than trees that were browsed. Long thorn length was a predictor
of reduced reproductive potential. At Naivasha, thorn length was also an indicator of
browsing intensity; trees produced longer thorns where wildlife impacts were high
(Figure 10). Though the significant effects of large herbivores on adult acacias are well
studied (Pellew 1984; Milewski et al. 1991; Goheen et al. 2004), it is possible that
reproduction and the survival of seedlings may be as important for determining the
abundance of trees (Midgley and Bond 2001; Goheen et al. 2007). At Naivasha, field
studies were conducted when A. xanthophloea was not producing flowers or seeds, so
reproductive potential could not be measured, nor could its relationship with thorn length
and browsing.
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Thom length was longer on low branches (at 1 m) than higher branches (> 2 m),
which is consistent with a study on thorn length of Acacia drepanolobium, using the same
methods (Young et al. 2003).

Only giraffes can reach branches at both heights, and

perhaps the increased number of herbivores browsing the lower branches exerted greater
pressure than just giraffes on the higher branches.
Impacts of heavy browsing
Inducing the elongation of thorns was only one response by acacias to intense
wildlife impacts. Wildlife also have an effect on the growth of regeneration, the percent
live crown of small and mid-sized trees, and the vulnerability of acacias to environmental
factors. These topics are discussed below.
Recruits occurred in most areas with high wildlife impacts (Figure 8c). A similar
trend also has been observed recently in Acacia xanthophleoa woodlands in Nakuru
National Park (Dharani et al. 2008). Herbivores may be attracted to areas with abundant
small trees with accessible foliage. Additionally, Acacia xanthophloea seeds may have
high germination rates in sites with abundant ungulates. Acacia seeds ingested by large
herbivores have higher germination rates than uningested seeds (Prins and van der Jeugd
1993; Miller 1995; Rohner and Ward 1999).
Acacia xanthophloea has been described as a relatively tolerant species to
browsing (Pellew 1984). In Nakuru National Park, the effects of browsing on Acacia
xanthophloea by large herbivores were studied over three years (Dharani et al. 2008). The
results provided evidence that trees were able to survive heavy browsing despite a
reduction in crown cover and height. A study on Acacia xanthophloea in Serengeti
National Park found that trees exposed to browsers grew 4.8 times more slowly in height
than those isolated from herbivores (Pellew 1983). A further study by Pellew (1984)
found that browsing by giraffes stunted the growth of acacias in the Serengeti and
produced the unusual bushy form of the tree also seen at Naivasha, yet a significant
decline of plant productivity (linear shoot growth) was not observed in the short term.
Pellew (1984) concluded that the trees were not being overbrowsed by giraffes.
Acacia xanthophloea contains chlorophyll in its bark and branches, which are
typically not ingested by herbivores (Bergstrom 1992). This could be an evolutionary
adaptation that resulted in the ability to shed their leaves in the dry season and in a high
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tolerance to browsing, since a tree can remain productive even if it loses much of its
foliage to herbivores (Bergstrom 1992).
Giraffes are known to stunt the growth of trees, but evidently browsing by giraffes
does not directly cause tree mortality (Pellew 1984). Since Acacia xanthophloea is quite
tolerant to herbivory, browsing alone may not account for the decline in live crown cover
seen in heavily browsed areas. Other factors that impact the health of acacia trees need to
be considered. An indirect impact of browsing is that it can increase the vulnerability of
trees to fire and drought (Pellew 1983; Birkett and Stevens-Wood 2005). A study in the
Sweetwaters Game Reserve in central Kenya found that the combination of low rainfall
and heavy browsing by elephants, black rhinos and giraffes lead to a rapid loss of Acacia
drepanolobium (Birkett and Stevens-Wood 2005). The main effect of giraffe browsing
was a reduced growth in height, although heavy browsing by giraffes stressed saplings to
the point where they were more likely to die off during periods of low rainfall. In saplings
that survived drought conditions, there were lasting effects of intense browsing by
giraffes; trees that were heavily browsed had lower growth rates in response to rainfall
than unaffected trees. This could have implications for Naivasha, which experiences
extreme fluctuations in lake level and had severe drought conditions in recent years
(LNRA 2009, unpublished data).
Bark stripping of acacias by elephants is commonly studied (Lamprey et al. 1961;
McNaughton et al. 1988; Augustine and McNaughton 2006), but bark stripping by
giraffes is currently unreported in the literature. At Naivasha, I observed bark stripping by
giraffes on trees that were small- to medium-sized. The majority of the foliage on mid
sized trees is out of reach to giraffes (over 6 m), so low percent live crown found on trees
in the presence of giraffes was potentially due to bark stripping. The bark on large Acacia
xanthophloea trees becomes grey and brittle with age. No bark stripping on larger trees
was observed in this study. There was no difference in health of trees in the large size
classes among sites with giraffes present and absent (Figure 12). It is unknown why
giraffes strip the bark of trees, though possible explanations could include nutrient
deficiency, or stress related to low food quality (Muller 2010, pers. comm.).
When acacia leaves are browsed, the trees release secondary compounds
(condensed tannins) in defense (Wrangham and Waterman 1981). In an open system,

folivores can limit their browsing time on a single tree to avoid high tannin food. In an
enclosed environment, such as the fragmented woodlands at Naivasha, animals cannot
migrate to find other food resources. It is possible that giraffes, as pure browsers, are
being maintained on a low quality diet that is high in tannins.
Based on the prediction that floral diversity and habitat structure of Acacia
xanthophloea woodlands would be negatively correlated with human impacts, the
diversity of the understory was expected to be lowest in sites that have been heavily
managed, such as resorts. Invasive alien plant species were expected to be most
prominent in heavily impacted sites closest to settlements. Low disturbance sites were
expected to have a high proportion of native understory species, high plant diversity and
complex vegetation structure.
Habitat structure and complexity were measured by the diversity of physiognomic
types of ground cover, including grasses, forbs, shrubs and vines. The diversity of ground
cover was the highest in conservation areas, which had the lowest human impact of all
land use types (Figure 4c). There was a general relationship in which where there was
high wildlife pressure, there was high ground layer diversity (Figure 13c). Rangelands
had the lowest diversity in the ground layer. The cause could be livestock effects, but it is
also possible that the understory in rangelands was cut back or burned to promote the
growth of grasses.
Contrary to my predictions, resorts did not have the lowest diversity of ground
cover. Differing strategies of resort woodland management accounted for the higher than
expected diversity. Some resorts mow the understory, while others leave the woodlands
‘wild’ to attract animals. Diversity of ground cover did not differ between woodlands
with small, mid-sized and large trees.
In sites that had high human impacts, there was high percent ground cover. This
could partly be explained by the dominance of grasses in resorts and rangelands (Figure
14) and by cultivation of lucerne (Medicago sativa) in the understory of Naivasha Resort
2. Sites with high wildlife impacts had low percent ground cover, but high structural
complexity (Figure 13). With more variety in the ground layer, a higher proportion of
bare soil was exposed than in sites dominated by grass.
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Sites near settlements had the highest proportion of forbs in their ground layer
(Figure 14). At Naivasha Resort 2, the acacia woodland was being used to cultivate
lucerne, but Kihoto and Kamere were relatively untouched by wildlife and unmanaged
(no mowing or planting). These sites provide examples of species composition in highly
disturbed but unmanaged habitats, since most other habitats with high human disturbance
had been deliberately altered.
Grootenhuis and Prins (2000) suggested that the fate of biodiversity in unprotected
areas depends on the strength of interaction between livestock and wild animals. The
livestock at Naivasha are primarily cattle, sheep and goats (pers. obs. 2010). Livestock
grazing and trampling were observed in 11 of the 26 sites, although the level and extent
were usually moderate or low.
Livestock generally deter wild animals (Prins 1992), or could force them to
modify their feeding habits based on dietary niche overlap (Fritz et al. 1996). Cattle
outcompeted zebras for resources in an enclosure experiment in Laikipia, Kenya (Young
et al. 2005). This certainly has implications for rangelands, where the impacts of wildlife
were observed to be low. Grazing livestock could affect wildlife elsewhere around the
lake if resources were limited due to drought or high animal densities.
Richness of vegetation was not significantly related to human or wildlife impacts
(Table 4). Since it was not possible for all plant taxa to be identified to species level,
conclusions cannot be made with certainty if the sites near settlements had a higher
proportion of non-native species than did other sites. However, one non-native species,
Achyranthes aspera, appeared highly invasive.
Achyranthes aspera is a widespread weed in Africa (Henderson 2007) that is
found in woodlands around Lake Naivasha. This plant species was present in 17 of the 26
sites and was the third most common taxon after Acacia xanthophloea and grasses
(Poaceae) (Table 5). It is most often found in dry, open places, in recently tilled areas
(Mathooko and Kariuki 2000), along roadsides, and in forests (Belsky 1987; Ng’weno et
al. 2009). The prevalence of A. aspera correlates with human disturbance (Mathooko and
Kariuki 2000), yet in my study the abundance of A. aspera did not have a significant
relationship with either human or wildlife impacts. The only species we observed at
Naivasha that grazed on A. aspera were goats.
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Although the distribution and abundance of A. aspera were not statistically
different among the size class groups, this species seemed to be more prevalent in mature
woodlands (Figure 7). The distribution of A. aspera at Naivasha was similar to that found
in Nakuru National Park (Mutangah 1994), where it was abundant in Acacia
xanthophloea forests, but absent in grasslands and bushlands with Acacia xanthophloea.
A study in Nakuru National Park found that Acacia xanthophloea woodlands had
a lower diversity of tree species than any other type of woodland in the park (Mutangah
1994). This is consistent with what was found at Naivasha. Only 7 acacia woodlands
contained other tree species. Research testing the suitability of Acacia xanthophloea for
soil remediation found that its leachates did not have detectible allelochemicals that could
inhibit the germination or growth of other species (Nsolomo et al. 1993). Further research
is required to investigate if or how Acacia xanthophloea might inhibit the proliferation of
other tree species.
Prediction 5 was that high soil salinity would be correlated with reduced
regeneration of woodlands and acacia dieback. Woodlands surrounding saline Lake
Oloidien were expected have higher soil salinity. Since Acacia xanthophloea are not
tolerant to high salinity (Mills 2006), there would be more acacia dieback near Lake
Oloidien. Lastly, regeneration would be inhibited by high soil salinity.
From 2001 to 2005, the pH of Lake Oloidien ranged from 9.3 to 9.9, and the
conductivity values from 389 to 527 mS m '1. Lake Naivasha had an EC range of 28 to 37
mS m '1 in the same time frame (Ballot et al. 2009). At Naivasha, local concern is that the
salinity of the soil at Lake Oloidien may be increasing, and affecting the health of the
fringing acacia woodlands (Enniskillen 2010, pers. comm.).
The sites at the Enniskillen property (1 and 2) are located on the west shore of
Lake Oloidien. The Oserian conservation area (1,2 and 3) is located on the east side of
the lake. Oserian 1 was along the strip of land separating Lake Oloidien from the main
lake. The trees at this site had emerged since the last time the two lakes were connected in
the 1960s (Ballot et al. 2009).
The electrical conductivity (EC) of the soil was generally low. In large part,
measurements were below the thresholds for Acacia xanthophloea reported in the
literature (between 125 and 220 mS m '1; Mills 2006). No significant relationship between
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EC and tree percent live crown was found in this study. Both the EC values and percent
live crown for Enniskillen 1 and Enniskillen 2 were similar to the mean for all sites
(Appendix 6). The slope of the shoreline was higher than most sites (Appendix 6d), thus
the soil may not be affected as directly by the chemistry of the lake, since the roots of
Acacia xanthophloea tend to be shallow (Otieno et al. 2005). Contrary to this, the slope of
the shoreline at Oserian 1 was much more gradual, and the soil had the third highest mean
EC of all sites. The health (percent live crown) of the trees was the second lowest overall,
behind Bushy Island (Appendix 6a). Trees at Oserian 1 site were smaller than at the two
sites that had higher EC (Hippo Point or Kihoto; Appendix 6a, 6d). Smaller trees are
more susceptible to the osmotic stress, nutrient imbalances and toxicity caused by salinity
stress (Mills 2006; Munns 2002). Oserian 1 also had the highest number of dead trees of
all woodlands studied (Appendix 6a). More information is needed to determine the cause
of the dieback and low percent live crown. This site was also heavily browsed by wildlife,
which likely contributed to its lower health. The two and a half year drought that ended 6
months before this study was conducted may have also affected both soil salinity and the
health of these heavily browsed trees.
There was also a biologically significant trend of high mean conductivity of soil
near settlements and in conservation areas. It is possible that this pattern is due to nutrient
inputs by wildlife, which live densely in conservation areas. Livestock and human feces
were abundant at the woodland near the Kihoto slum, the site that had the second highest
EC mean value.
There was a biologically significant trend that woodlands with large trees had the
highest EC of soil and the most frequent occurrence of A. aspera (Figure 7). These
associations were supported by linear regressions showing significant relationships
between both EC with total cover of A. aspera and EC with basal area (Figure 15c). If the
chemistry of soil around the lake is changing due to nutrient input or changes in climate,
this could give tolerant invasive species such as A. aspera a competitive advantage
against less tolerant native herbs. More information is needed to determine if this species
grows in mature woodlands at Naivasha because of higher soil EC or due to other factors.
Historically, Lake Naivasha has undergone extreme fluctuations in lake level as a
result of rainfall variability (Verschuren et al. 2000). The EC of soil could be affected by
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these fluctuations. Soluble ions accumulate over time by episodic inundation and
evaporation. In this study, woodlands dominated by small trees, which were more often
on gradual slopes, had generally higher EC of soil than woodlands with mid-sized trees
on steeper slopes (Figure 7). Perhaps lake level changes had more of an affect on the
conductivity of soil at lower elevations.
Recruits were generally not found in sites with high soil EC (Figure 15a). This
result is consistent with a survey by Mills (2006) of Acacia xanthophloea woodlands in
Ngorongoro Caldera, Tanzania. Recruits in the woodlands at Ngorongoro were not found
in areas where topsoil had high EC, in contrast with areas directly adjacent with low EC
and abundant recruits. The electrical conductivity of the soil may be restricting the growth
of seedlings at Naivasha.
Little specific information is available about the EC limits to regeneration of
Acacia xanthophloea. Mills (2006) speculated the threshold to be somewhere between
125 and 220 mS m '1 in a 1:5 soil extract. In the 1:4 soil extracts in this study, the highest
values encountered in a single quadrat were 136, 72 and 60 mS m '1 (the top two at Kihoto
and last at Oserian 1). Most of the soils in this study were below the limits proposed by
Mills (2006). A study on the acacia woodlands at Naivasha in 1988 mentioned that soil
had low salinity (Young and Lindsay 1988), though much has changed since that time
with increased human activity and more frequent drought. The concern at the Enniskillen
ranchland was that soil salinity was becoming a problem and perhaps negatively
impacting the acacia woodlands, though evidence from this study did not support this
suspicion.
In this study, the soil was very sandy in all sites. Research conducted at Lake
Naivasha by Boar and Harper (2002) tested the effectiveness of a papyrus barrier to
prevent erosion and the transport of particulate matter. They confirmed that small
particles were being washed into the lake directly from the shoreline, and lake sediment
was composed primarily of silts and clays (Boar and Harper 2002). In the acacia
woodlands, periods of heavy rain and erosion of the shoreline can help explain why sandy
soils were more common in sites at the lake’s edge than those a few kilometers inland
(Figure 16a), since more silts and clays are being carried into the lake. Slope also had an
effect on soil texture (Figure 16b). Sites with steeper slopes had higher percent sand in
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soil than did more gradual slopes. Soil texture generally correlates with soil EC, with
finer-textured soils having higher EC values than coarse-grained soils (Williams and
Hoey 1987; Sudduth et al. 2005). At Naivasha, EC values did not significantly relate to
particle size.
Based on the prediction that ant abundance and diversity will be highest in
healthy woodlands, low ant species richness and diversity were expected to be indicators
of high human disturbance. Also, diversity was expected to be positively correlated with
the complexity of habitat structure and composition. A study investigating the effects of
tree species richness and resource availability on ant species richness in Brazil found that
ant richness had a positive relationship with tree species richness and density (Ribas et al.
2003). Tree species richness was an indicator of the heterogeneity of the environment.
High heterogeneity increases the variety of resources available to ants, which can allow a
higher number of specialist species to coexist or makes more resources available to
generalist species. Tree species richness was very low in all sites at Naivasha. Likewise,
few relationships were found between ant populations and habitat complexity in the
woodlands. Ant abundance and diversity did not respond to the richness of vegetation,
diversity of ground cover, stem density or downed coarse woody debris. Ants were most
diverse in sites dominated by forbs or with high percent ground cover and were most
abundant in sites with more standing dead trees.
Even though ant diversity was not an indicator of the complexity of habitat
structure and composition, diversity and ant abundance were significantly related to
human and wildlife indices (Figure 17). In sites with the highest human impact diversity
of ants was high and abundance low. Perhaps the garbage and other waste present at some
sites provided a variety of niches for a diverse mix of specialist and generalist species.
Areas of high wildlife impact had low diversity and high ant abundance. At these sites, a
small number of competitive species may have dominated the habitat.
Further investigation of other invertebrates, specifically in the order Coleóptera,
should be conducted to identify if species of concern are present in woodlands at
Naivasha. The bruchid beetle (family Bruchidae) is a common predator of acacia seeds
(Midgley and Bond 2001); infestation rates of over 95% have been reported for some
systems (Rhoner and Ward 1999) and may be a factor inhibiting regeneration. Local
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concern was expressed that an unknown species of beetle was causing mortality of acacia
trees by boring holes in their trunk (Seth-Smith 2010, pers. comm.). Bore holes and
abundant standing dead trees were observed at one site on Crescent Island conservation
area (CI2). More information is needed to determine if this is an isolated case, or if the
beetle population is spreading and having detrimental effects on other woodlands.
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Conclusions

The purpose of this study was to assess the health of the Acacia xanthophloea
woodlands that surround Lake Naivasha, and examine how this might be related to local
and adjacent land use. Recent events of acacia die-offs in East Africa, such as the decline
of Acacia xanthophloea woodlands in Nakuru National Park (Dharani et al. 2006),
emphasize the relevance of this study. Since this thesis was based on a ‘snapshot’ survey
of woodlands in one region for a brief field season, the assessment relied upon
comparisons of features and correlations with disturbances factors among woodlands
under different land uses.
No single ‘health’ variable or discrete set of characteristics was identified in this
study. Rather, the health of acacia woodlands may be affected by a complex combination
of interrelated indicators that may be mainly driven by land use and climate.
Other studies have attributed observed declines of acacias in East Africa to
cyclical succession, overbrowsing by livestock and wild animals, changes in rainfall
patterns, salinity stress and proliferation of pathogens or pests (Young and Lindsay 1988;
Mills 2006). Data analysis in this thesis exposed each of these factors as potentially
affecting woodland health at Naivasha. The evidence supported the hypothesis that
woodlands regenerate in cohorts. Correlations were found between tree responses (thorn
length, regeneration and crown dieback) and heavy browsing pressure. High levels of
human impact were correlated with abundance of ground cover, acacia live crown and ant
diversity. Conversely, wildlife pressures were associated with high numbers of recruits,
ground cover diversity and ant abundance.
At Naivasha, browsing on acacias is mainly affected by lakeshore land use as
dense populations of wild herbivores are being increasingly concentrated into smaller
areas. An increased vulnerability to drought as a result of heavy browsing has been
reported in the literature (Pellew 1983; Birkett and Stevens-Wood 2005). This study was
conducted during a wet period following a two and a half year drought. Lake Naivasha
has undergone extreme lake level fluctuations in the past century, throughout which the
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fringing acacia woodlands have survived and thrived. The current changing global
climate may be forcing rainfall cycles outside the natural oscillations, resulting in more
extreme rainfall events and prolonged droughts. The dry seasons in East Africa are
expected to have less precipitation, which may result in more frequent and severe
droughts (Hussein 2011; IPCC 2007).
If the human population around Naivasha continues to increase at the current,
rapid rate, habitat for wild animals will continue to decline, which will lead to further
overcrowding and the deterioration of the remaining protected woodlands, and the
animals that rely on them. Regeneration in mosaics of single aged stands requires that
areas are available for cohorts of all stages of their life cycle. The health of the woodlands
at Naivasha extends beyond the individual stands of trees.

The system needs to be

healthy on a landscape scale to be considered sustainable and there are clear signs that the
current land uses are threatening the long-term health of the woodlands.
There are many additional and remaining questions about the ecology of Acacia
xanthophloea that were outside the scope of this study, such as: How is tree reproduction
affected by wildlife impacts? How is tree physiology and demography affected by soil
salinity? Filling these knowledge gaps would provide useful insights to the functioning
of the system and help predict its resilience to increasing pressures.
The information gathered in this study will be synthesized into a document for the
community members of Naivasha. The report will contain information about the ecology
of the acacias and the status of woodlands at Naivasha. The landowners contacted in this
study expressed great interest in the conservation of acacia woodlands. The community at
Naivasha generally recognizes the importance of the woodlands as a source of foreign
revenue through ecotourism. Diligent monitoring, continued data gathering, management
of wildlife and restrictions on land clearing will be essential for the long term
preservation of the Acacia xanthophloea woodlands at Naivasha.
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Appendices

Appendix 1. The relationship of Domin cover abundance scale (Mueller-Dumbois and
Ellenberg 1974) with calculated parameter Domin 2.6 (Currall 1987).
Range of cover
Domin number____________ values (%)
+
1
2
3
4
5
6
7
8
9
10

(isolated, cover small)
(very scarce, cover small)
(scarce, cover small)
(scatterd, cover small)
(abundant, cover c. 5%)
(abundant, cover c. 20%)
(cover 25-33%)
(cover 33-50%)
(cover 50-75%)
(cover 75-95%)
(cover 95-100%)

0
0-4
0-4
0-4
5-10
10-25
25-33
33-50
50-75
75-95
95-100

'Domin 2.6*
0.3
1.5
4.3
9.2
16.4
26.4
39.4
55.7
75.7
99.5
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Appendix 2. Descriptions of decay classes for standing dead trees, adapted from Thomas
(1979).

Code

Bark

3

50% loose or
missing
75% missing

Limbs
Mostly
present
Small limbs
missing
Few remain

1

Tight, intact

4

75% missing

Few remain

5

75%+
missing

Absent

2

Top
breakage
May be
present
May be
present
Approx. 1/3
Approx. 1/3
to 1/2
Approx 1/2
+

Trunk
Form
Intact
Intact
Mostly intact
Losing form,
soft
Form mostly
lost
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Appendix 3. Set-up for habitat plots. A circle with a radius of 11.3 m (11.3 m radius =
0.04 ha) was divided into four quadrants by running strings 11.3 m N, E, S and W.
Transects (2 x 10 m) were run along the strings to measure canopy and ground cover
using an ocular lens, number of woody stems, and amount of coarse woody debris.
Quadrants were used to assess the cover values for physiognomic ground layer types.

2m
« ------>
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Appendix 4a. Field sheet for acacia survey.
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Appendix 4b. Field sheets for habitat plots.

LAKE NAIVASHA ACACIA WOODLAND COMMUNITY DATA
Site Name:
ò s ( w > ±
UTM: 37M
q ^ O ^ l S S
Observers: j M f e
R c vo
TREE SPECIES >3cm dbh:

Plot #:
Date:

C % z )

±
A

Compass Quadrant
sw
SE

(Measurement at breast height)

NE

Species other than A

DBH

DBH
N^crrxP

NE

SE

x a n th o p h fo e a :

Q o \ o

DBH
r\) <s y \ «

NW
DBH
Moy\j_

Dead snags

Height of 2 tallest A cacia trees:

£a

rM eA

Pn

<0

Angie to top
Angle to base
Distance to tree
Height

¿ 4^
j

Acacia xa nth o D h lo ea

^ 5

? 43

NW

...

i

2opac

SHRUB STEMS <3 cm at Breast Height
(Tally of stems)

SW

North

Transect Direction
South
East

West

McXYUi,

/\Jcm q.

Movul

North

Transect Direction
East
South

-

DOWNED WOODY DEBRIS >3cm:
(Measurement of diameter at transect
intersect. Decay class (1-5))

Diam.

Class
_ d L -, 2

Diam.
4 -5

Diam.
Class
3
3 -5
Z
so _J L _ 2 J2. . 3
..3, 5 ... i_2____
5* 5
X
4 0
2
41.Q . 2
_______l

Class

West
Diam.
3*5

Class

77

LAKE NAIVASHA ACACIA WOODLAND COMMUNITY DATA
Plot #:
Date: ^

Site Name: o s e v i c w 1_
UTM: 37M Ol 9 3 .^ 6
< ^0 ^7 35
Observers:
R c W j T f rn £?

±
£>oio

OCULAR READINGS (Indicate + or - for live cover at ocular cross hairs)
NORTH
EAST
SOUTH
WEST

CANOPY
GROUND
CANOPY
GROUND
CANOPY
GROUND
CANOPY
GROUND

4

-

+4
+ 4
4 4
7 4
4
4
T

+

—

T
4
4
44*

—
-

-

4
t

t

4

-

4
4
-

t

4

4

t

-

-

4
4
~

4
-

4
4
—

4
-

-

4
4

4
-

+
4

4
4

4

NE
«
«
£
3

J3f

HUMAN DISTURBANCE
LOGGING AND TREE CUTTING

+
4
t
4
44"

Compass Quadrant
sw
NW
SE
5
9
3
z _____
9
3
___ a__ _____ 2»
3
s
0
..... jr.
J*

¡Cover values for ground layer (>lm):
(Cover/abundance on 10 point Domin scale)
Forbs
Graminoids
Shrubs (woody species)
Vines
Ferns

4

NATURAL DISTURBANCE

6

PESTS OR DISEASE / DEATH OF TREES

TRAMPLING (TRACK AND TRAILS)

TRAMPLING (TRACK AND TRAILS)

EARTH DISPLACEMNT

WINDTHROW

GARBAGE AND DUMPING

FIRE

PLANTING

FLOODING

O

LIVESTOCK GRAZING AND BROWSING

WILDLIFE GRAZING AND BROWSING

CULTIVATION

ALIEN SPECIES

MOWING

OTHER..^T.^...?*ÌXì.te)..1CS..

OTHER..

OTHER..

OTHER..

OTHER..

COLLECTIONS and PHOTOGRAPHS:
Description
P ia i

Number
Vi(bw>

LEVEL &
EXTENT

lQ O iiiiliL

(2f
0

(25

78
LAKE NAIVASHA ACACIA WOODLAND COMMUNITY DATA
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Appendix 5. Descriptions of decay classes for fallen logs, adapted from Hunter (1990).
Class

Bark

Twigs
< 3 cm

Texture

Shape

Colour of
Wood

Portion of log
on ground

1

Intact

Present

Intact

Round

O riginal colour

L og elevated on
support points

2

Intact

A b sen t

Intact to
partially soft

Round

O riginal colour

L og elevated but
sagging sligh tly

3

Trace

A b sen t

Hard, large
p ieces

Round

O riginal colour
is faded

L og is sagging
near ground

4

A bsent

A bsent

Sm all, soft,
b lo ck y p ieces

Round
to oval

Light to faded
brown or y ello w

A ll o f lo g on
ground

5

A bsent

A bsent

S oft and
p ow dery

Oval

Faded brow n or
y ello w

A ll o f lo g on
ground
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Appendix 6a. Site parameters for the acacia survey, and disturbance indices.

Site
Bushy Island
Crescent Island 1
Crescent Island 2
Elsamere 1
Elsamere 2
Hippo Point
Nini
Oserian 1
Oserian 2
Oserian 3
Seth-Smith
Weavers 1
Weavers 2
Enniskillen 1
Enniskillen 2
Sanctuary Farm
Block Hotel
Camp Camellcy’s
Naivasha Resort 1
Simba Lodge 1
Simba Lodge 2
Sopa Lodge 1
Sopa Lodge 2
Kamere
Kihoto
Naivasha Resort 2

Median
DBH
(cm)
8.0
31.9
34.6
56.0
59.2
59.3
6.5
6.0
30.9
38.6
45.8
4.0
66.2
67.6
19.0
60.3
60.8
19.2
15.0
51.4
5.5
37.3
48.0
31.2
103.3
18.8

Mean %
Number
live
Proportion of
of
crown
recruits
dead stems
29.5
0.28
1
47.9
0.21
1
46.9
0.36
0
58.6
0.18
6
57.1
0.10
0
59.2
0.11
0
64.0
0.07
24
39.4
0.43
6
0.32
51.3
7
0.21
48.8
0
53.3
0.18
1
62.9
0.00
188
42.4
0.00
0
58.3
0.00
34
46.5
0.00
99
61.4
0.00
1
63.6
0.00
0
58.5
0.13
0
66.0
0.03
16
68.2
0.00
8
52.2
0.00
54
48.3
0.04
4
54.8
0.00
0
0.11
70.7
2
58.3
0.00
0
51.1
0.01
0

Density of
acacia trees
(#trees ha'1)
195.0
75.0
80.0
45.0
90.0
80.0
62.5
260.0
80.0
125.0
90.0
32.5
50.0
42.5
7.5
45.0
57.5
120.0
90.0
45.0
347.5
130.0
75.0
122.5
22.5
257.5

Density of
acacia stems
(#stems ha'1)
545.0
92.5
85.0
47.5
90.0
80.0
135.0
485.0
100.0
145.0
100.0
132.5
50.0
45.0
12.5
45.0
65.0
127.5
135.0
50.0
612.5
155.0
75.0
142.5
22.5
312.5

Basal area
(m2 ha'1)
17.9
10.4
12.7
12.1
29.4
26.2
5.2
11.0
11.5
25.1
18.0
0.2
22.9
17.0
0.7
12.1
18.3
8.6
4.6
14.4
3.2
19.5
16.7
14.5
16.2
12.1
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Appendix 6b. Site parameters for habitat structure and complexity.

Site
Bushy Island
Crescent Island 1
Crescent Island 2
Elsamere 1
Elsamere 2
Hippo Point
Nini
Oserian 1
Oserian 2
Oserian 3
Seth-Snuth
Weavers 1
Weavers 2
Enniskillen 1
Enniskillen 2
Sanctuary Farm
Block Hotel
Camp Camelley’s
Naivasha Resort 1
Simba Lodge 1
Simba Lodge 2
Sopa Lodge 1
Sopa Lodge 2
Kamere
Kihoto
Naivasha Resort 2

Woody stem
density
(#stems ha"1)
0
167
0
4208
1167
458
3583
1000
42
2083
3917
2333
542
0
250
0
208
292
0
0
3167
0
3375
1000
0
0

Coarse
woody debris
(cm)
36
98
65.5
193.5
497.5
70
8
71
23
255
129.5
0
23
22.5
48
4
9
3
0
0
11
34.5
87.4
8
0
22

Mean
canopy
cover (%)
78.2
64
71.3
68
69.1
45.6
23
50
63.5
82.3
66.7
j
0
72.5
44.1
4.8
68.4
66.9
76.5
15.2
62.2
16.6
68.7
68.9
66.8
43.5
93.6

Canopy
cover (%) ocular lens
97.5
60.8
69.2
62.5
65.8
50
20
45.8
60.8
70.8
54.2
0
74.2
40.8
3.3
55
60.8
54.2
70.8
7.5
56.7
17.5
60.8
61.7
44.2
92.5

Canopy
cover (%) convex
mirror
58.9
67.2
73.4
73.4
72.4
41.1
26
54.2
66.1
93.8
79.2
0
70.8
47.4
6.3
81.8
77.1
79.7
82.3
22.9
67.7
15.6
76.6
71.9
42.7
94.8

Ground
cover (%)
53.3
45.8
60.8
55
70
55.8
78.3
60
60
55
61.7
60
70.8
60.8
63.3
65
72.5
62.5
45.8
60.8
65.8
42.5
66.7
64.2
55.8
95
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Appendix 6c. Site parameters for habitat structure and complexity, and disturbance
indices.

Diversity of
ground cover
Site
Bushy Island
Crescent Island 1
Crescent Island 2
Elsamere 1
Elsamere 2
Hippo Point
Nini
Oserian 1
Oserian 2
Oserian 3
Seth-Smith
Weavers 1
Weavers 2
Enniskillen 1
Enniskillen 2
Sanctuary Farm
Block Hotel
Camp Camelley's
Naivasha Resort 1
Simba Lodge 1
Simba Lodge 2
Sopa Lodge 1
Sopa Lodge 2
Kamere
Kihoto
Naivasha Resort 2

m
1.07
0.73
0.69
1.26
0.66
0.43
0.57
0.99
0.84
0.93
1.11
0.58
0.70
0.27
0.36
0.08
0.64
0.85
0.28
0.00
0.69
0.60
1.16
0.62
0.63
0.06

Richness of
vegetation
17
5
4
17
10
12
15
10
12
10
12
9
15
8
5
6
7
12
12
3
17
14
10
18
10
16

Total cover
of
Achyranthes
aspera
15
0
0
90
120
120
10
55
15
15
60
0
5
0
0
2
2
6
0
0
0
16
0
20
80
h

PC 1 - Habitat
composition
-13.02
-25.87
-2.96
11.64
38.04
39.19
-63.00
-14.38
-20.45
-29.18
6.52
-50.31
27.24
-46.55
-52.63
-73.16
-24.01
-35.33
-50.31
-59.84
-43.54
-26.52
0.30
44.1
14.6
62.95

Human
impacts
4
8
10
5
36
16
18
1
2
0
13
7
12
4
6
41
51
49
4
29
8
11
21
68
40
63

Wildlife
impacts
56
46
42
36
9
22
30
57
32
33
44
45
20
43
30
9
0
2
45
15
45
33
26
0
10
0
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Appendix 6d. Site parameters for soil, ants and landform.

Site
Bushy Island
Crescent Island 1
Crescent Island 2
Elsamere 1
Elsamere 2
Hippo Point
Nini
Oscrian 1
Oserian 2
Oserian 3
Seth-Smith
Weavers 1
Weavers 2
Enniskillen 1
Enniskillen 2
Sanctuary Farm
Block Hotel
Camp Camelley’s
Naivasha Resort 1
Simba Lodge 1
Simba Lodge 2
Sopa Lodge 1
Sopa Lodge 2
Kamere
Kihoto
Naivasha Resort 2

Electrical
conductivity
Ant
Ant richness
of soil
Ant
(morpho- diversity
(|iS cm"1) abundance species)
m
225.5
2.14
63
5
167.2
183
7
1.56
198.5
209
4
1.40
171.4
37
5
1.21
254.8
45
9
3.21
385.4
0.54
328
3
200.9
2
133
1.26
299.1
257
5
0.75
180.7
355
6
1.00
214.0
176
7
1.74
251.1
153
4
2.18
119.3
148
7
1.29
212.8
93
6
2.29
205.3
130
8
1.97
164.5
155
2
1.71
24
4
162.5
0.81
120.1
90
7
3.33
175.5
54
7
2.40
125.4
145
3
0.71
133.9
98
9
2.76
118.9
206
2
0.94
146.4
141
2
0.43
215.5
65
5
1.47
155.9
48
8
3.61
331.1
122
9
2.44
191.2
53
10
2.94

Distance to nearest... (m)
Road
1710
2680
3140
320
230
6190
1650
920
530
660
2020
600
550
1670
1670
1610
290
910
720
350
1000
1170
1110
410
100
320

Green
house
1800
1900
2300
1500
1600
3800
550
1000
700
900
1750
1000
1300
2600
2800
1300
1300
600
300
300
500
200
600
400
500
200

Settle
ment
1800
2700
3100
450
350
6300
3800
1400
900
1000
5700
750
800
2200
2450
1900
1000
300
1800
3450
3500
5400
5400
600
100
1600

Slope of
shoreline
(degrees)
0.4
1
2.4
9.7
3.9
10.2
0.6
0.9
1.3
1.5
3.6
0.5
0.5
9.1
6.2
0.4
3.9
0.8
0.7
0.7
0.7
0.7
1.1
3.3
0.3
0.8
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Appendix 7. Calculations and descriptions of site parameters for the acacia survey, habitat
parameters, disturbance indices, landform and soil parameters.
Description

Calculation

Median diameter at breast height
(cm)

The median DBH o f all adult alive stems for each site.

Mean health (percent live
canopy)

The average percent live canopy was calculated for every site by
taking the mean percent cover (of the Domin 2.6 transformation)
for all stems within the acacia transect

Proportion o f dead trees

For each site, the amount of dead stems was divided by the total
number o f stems.

Number o f recruits

The number o f regeneration (trees under 3 cm DBH) were summed
from the acacia transect at each site.

Density o f trees (# trees ha'1)

The total number o f live trees (over 3 cm DBH) divided by the area
covered by the acacia transect (0.4 ha).

Density o f stems (# stems ha"1)

The total number o f live stems (over 3 cm DBH) divided by the
area covered by the acacia transect (0.4 ha).

Basal area (m2 ha'1)

Basal area is the cross section area of the stems or trunks of all trees
in a given area.

Woody stem density

The frequency o f stems intercepted at breast height divided by the
total transect area per site (20 m2 (per plot transect) multiplied by
12 (plot transects per site)), then multiplied by 10000 for #stems/ha.

(# stems ha'1)
Coarse woody debris (cm)

The diameters o f fallen logs (over 3 cm) were summed for each site
as an indicator of the amount o f coarse woody debris.

Canopy and ground cover ocular tube

The number o f (+) hits using the ocular tube were tallied per
transect and the sum of hits per site were divided by 12 (total
number o f transects) and multiplied by 100 for both canopy and
ground cover.

Canopy cover
- convex mirror

The mean o f the proportion o f sections in the convex mirror
reflecting over 50% cover over the three plots

Canopy cover (%)

An average o f the percent canopy cover from the ocular tube and
the convex mirror. This variable was used for analysis.

Diversity o f ground cover (//')

The Shannon-Weaver diversity index ( / / ’) was applied using the
midpoint cover-abundance values corresponding to the Domin 2.6
transformation for each type of ground cover.

Richness o f vegetation

The number of unique plant species per site.

Total cover o f Achyranthes
aspera (%)

Total cover was summed per site using values o f approximate
percent cover corresponding to the dominance classification
(dominant = 40; codominant = 30; abundant = 10; occasional = 5;
rare = 1).

PCI - Habitat composition

A parameter describing habitat composition. Values were based on
the first component axis of a Principal Component Analysis (PCA;
using a covariance matrix) on the type of ground cover
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Description

Calculation

Ants - total number of
individuals

The total number of individuals collected per site.

Ants richness

The number of unique morphospecies collected per site

Ant diversity (//')

Calculated from the number o f individuals o f each morphospecies
using the Shannon-Weaver diversity index

Human impacts

The values for level and extent o f each human disturbance
(herbivory and trampling by livestock, logging, garbage,
cultivation, mowing) were multiplied and the products summed to
create an index o f human impacts at each site

Wildlife impacts

The values for level and extent of each wildlife disturbance
(herbivory and trampling by wildlife, bark stripping) were
multiplied and the products summed to create an index of wildlife
impacts at each site

Distance to nearest road (m)

The distance (m) from site to the nearest road was measured on a
satellite image in ArcGIS

Distance to nearest greenhouse
(m)

The distance (m) from site to the nearest greenhouse was measured
on a satellite image in ArcGIS

Distance to nearest settlement
(m)

The distance (m) from site to the nearest settlement was measured
on a satellite image in ArcGIS

Slope of shoreline to 1900
contour (degrees)

The distance between the 1900 contour line on the topographic
map and the shoreline in the satellite image from 2008 was
measured. Slope (in degrees) was calculated using the distance
from the 1900 contour to the lake and its elevation (13.5 m;
calculated from 2008 lake level data) for each site

Electrical conductivity (pS cm '1)

The conductivity o f soluble ions in a 4:1 water to soil solution
using a salinity probe. Final values are an average of three
replicates.

Sand content of soil (%)

The average sand content o f soil per site from a texture analysis
that measuring the depth o f sand, silt and clay layers in solution.
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Appendix 8. Soil texture diagrams for (a) data collected at Lake Naivasha (b) textural
classes from Canada Department of Agriculture (1976).
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Appendix 9. Results of the General Linear Models comparing differences among size
class groups and land use types. Bolded values are significant at p = 0.10.
S ize cla ss g ro u p s
P a r a m e te r

L a n d use ty p es

R2

p-value

R2

p-value

M ed ian diam eter at breast h eight (D B H )

0.74

0.000

0.08

0 .6 2 2

M ean percent liv e crow n

0.29

0 .0 1 9

0.18

0.221

Proportion o f dead stem s

0.16

0.139

0.43

0 .0 0 6

N u m b er o f recruits

0.09

0.333

0.08

0 .6 1 0

D en sity o f acacia stem s (# stem s ha-1)

0.89

0.000

0.07

0.636

B asal area (m 2 ha"1)

0.29

0 .0 2 0

0.08

0 .6 2 4

W o o d y stem d en sity (# stem s ha"1)

0.02

0.840

0.14

0.351

C oarse w o o d y debris (cm )

0.05

0 .5 3 0

0.20

0.175

C anopy cover (%)

0.06

0.477

0.90

0.548

G round co v er (%)

0.13

0 .2 1 0

0.13

0.389

D iversity o f ground co v er ( H ')

0.01

0.938

0.36

0 .0 2 0

R ich n ess o f vegetation

0.16

0.128

0.23

0 .1 1 9

Total cover o f A ch yra n th es aspera (%)

0 .2 0

0 .0 7 3

0.22

0 .1 2 9

Principal C om ponent 1 - H abitat com position

0.10

0.281

0.53

0.001

E lectrical con d uctivity o f so il (p S cm '1)

0.16

0.144

0.26

0 .0 7 7

Sand content in so il (%)

0.02

0.806

0.46

0 .0 0 3

A nt abundance - total num ber o f individuals

0.08

0.378

0.17

0.241

A n ts richness (m orp h osp ecies)

0.06

0.492

0.27

0 .0 7 0

A nt d iversity ( / / ’)

0.06

0.493

0.25

0 .0 8 5

H um an im pacts

0.03

0.680

0.55

0.001

W ild life im pacts

0.14

0.179

0.36

0 .0 1 9

D istan ce to nearest road (m )

0.01

0.909

0.17

0.255

D istan ce to nearest greenhouse (m )

0.08

0.385

0.48

0 .0 0 2

D ista n ce to nearest settlem ent (m )

0.01

0.882

0.12

0.396

S lo p e o f shoreline to 1900 contour (degrees)

0.19

0 .0 9 2

0.17

0.248

Appendix 10. The average percent sand, silt and clay in soil, for each site.

Sand

Silt

Clay

Soil Texture
Class

6
4

Crescent Island 2
Elsamere 1
Elsamere 2
Hippo Point
Nini

90
89
87
93
90
90
82

7
2
4
5
13

4
7
6
5
6
6
6

Sand
Sand
Sand
Sand
Sand
Sand
Loamy Sand

Oserian 1
Oserian 2
Oserian 3
Seth-Smith
Weavers 1
Weavers 2
Enniskillen 1

91
77
90
94
78
88
84

3
12

6
11

6
2
16
7
8

4
4
7
5
8

Sand
Sandy Loam
Sand
Sand
Loamy Sand
Sand
Loamy Sand

Enniskillen 2
Sanctuary Farm
Block Hotel
Camp Camelley's

84
84
88
89

Naivasha Resort 1
Simba Lodge 1
Simba Lodge 2
Sopa Lodge 1
Sopa Lodge 2
Kamere
Kihoto
Naivasha Resort 2

84
82
74
77
90
77

7
8
6
6
11
11
16

9
9
6
5
5
8
10

Loamy Sand
Loamy Sand
Sand
Sand
Loamy Sand
Loamy Sand
Sandy Loam

8
6
7

14
4
15

Sandy Loam
Sand
Sandy Loam

29
23

6

Sandy Loam
Sandy Loam

Site
Bushy Island
Crescent Island 1

65
72

6

